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(57) ABSTRACT 
A generated torque control method for a leg body exercise 
assistive apparatus enabling a person to make a leg motion 
in Such a feeling that the person is not wearing the leg body 
exercise assistive apparatus as much as possible by reducing 
the weight of the leg body exercise assistive apparatus 
attached to the person acting on the person. On the assump 
tion that a person (A) not wearing the assistive apparatus (1) 
is making the same motion as a leg motion of the person (A) 
wearing the leg body exercise assistive apparatus (1) during 
the leg motion of the person (A), an estimation is made for 
a person-side joint moment to be generated in each joint of 
the leg of the person (A), and on the assumption that the 
assistive apparatus (1) is independently making the same 
motion as the leg motion, an estimation is made for an 
apparatus-side joint moment to be generated in the joint 
regions (4), (6), and (10) of the leg sections of the assistive 
apparatus (1). The estimated value of the apparatus-side 
joint moment is considered as a reference torque for torque 
generation means (18), (19), and (20), and a torque formed 
by adding a torque according to the estimated value of the 
person-side joint moment to the reference torque is gener 
ated in the torque generation means (18), (19), and (20). 
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GENERATED TOROUE CONTROL METHOD FOR 
LEG BODY EXERCISE ASSISTIVE APPARATUS 

FIELD OF THE INVENTION 

0001. The present invention relates to a generated torque 
control method for a leg body exercise assistive apparatus, 
which is attached to the legs of a person. 

BACKGROUND ART 

0002 Conventionally, as this type of assistive apparatus, 
there is an already known apparatus disclosed in Japanese 
Patent Laid-Open No. 2003-220102 (hereinafter, referred to 
as “patent document 1). The assistive apparatus of the 
patent document 1 includes moment generators on the hip 
joint, the knee joint, and the ankle joint of each leg of a 
person, with the moment generators connected to a foot 
Supporting portion for Supporting the foot of the person via 
beams. Moreover, it includes a sensor for detecting a force 
and moment acting between the foot Supporting portion and 
the ground, a sensor for detecting a tilt angle of a beam, a 
sensor for detecting a force acting between the assistive 
apparatus and the person. On the basis of detected outputs of 
these sensors, a force to be generated by the each portion of 
the person is calculated when no support force (Support 
torque) is applied by each moment generator, thereby caus 
ing each moment generator to generate a Support force 
obtained by multiplying the calculated force by a certain 
reduction ratio. Thereby, the total load on the person is borne 
by the person and the assistive apparatus at a roughly 
predetermined ratio, so that the load on the person is 
reduced. 

0003. The apparatus of the patent document 1, however, 
calculates a force to be generated in each portion Such as a 
joint of each leg by using the detected value of a force acting 
on the foot Supporting portion of a landing leg when 
calculating a force to be generated in each portion of the 
person. Therefore, the calculated force is to be a force for 
Supporting the total load of the person including the assistive 
apparatus. Therefore, even if the moment generator is 
caused to generate a certain rate of the calculated force as 
described above, the person makes a leg motion with being 
aware of the weight of the assistive apparatus attached to the 
person in a lot of situations during walking of the person. 
Consequently, the assistive apparatus easily causes a differ 
ence between an actual leg motion pattern and the motion 
pattern assumed by the person. Furthermore, it leads to 
causing an awkward leg motion or to making it hard for each 
moment generator to effectively generate a Support torque, 
which enables a Smooth leg motion. 
0004 As techniques for estimating joint moments to be 
generated in the joints of the legs during human walking, 
there have been known ones Suggested by the present 
applicant, for example, in Japanese Patent Laid-Open No. 
2003-89083 and Japanese Patent Laid-Open No. 2003 
112893. The joint moments estimated using the techniques 
are necessary to support the total load of the person and the 
apparatus attached thereto. Therefore, even if the moment 
generators on the respective joints are caused to generate the 
predetermined rate of the joint moments calculated in these 
techniques, the same problem as the patent document 1 
OCCU.S. 

DISCLOSURE OF THE INVENTION 

0005. In view of the above background, the present 
invention has been provided. Therefore, it is an object of the 
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present invention to provide a generated torque control 
method for a leg body exercise assistive apparatus enabling 
a person to make a leg motion in Such a feeling that the 
person is not wearing the leg body exercise assistive appa 
ratus as much as possible by reducing the weight of the leg 
body exercise assistive apparatus attached to the person 
acting on the person. 
0006 To achieve the above object, according to a first 
feature of the present invention, there is provided a gener 
ated torque control method for a leg body exercise assistive 
apparatus of controlling generated torques of respective 
torque generation means in the leg body exercise assistive 
apparatus, which includes leg sections attached to both legs 
of a person so as to be movable integrally with the legs, with 
the leg sections each having a foot orthosis portion, which 
is disposed on the bottom side of the foot of each leg so as 
to be landing with the foot put on the foot orthosis portion 
during the landing period, being connected with joint 
regions corresponding to an ankle joint, a knee joint, and a 
hip joint of each leg, respectively, along the leg, and the 
torque generation means capable of generating Support 
torques applied to at least the joint regions corresponding to 
the knee joint and the hip joint of the leg, the method 
comprising: a moment estimation step of sequentially esti 
mating person-side joint moments, which are moments to be 
generated at least in the knee joint and the hip joint of each 
leg, in a situation where the person wearing the leg body 
exercise assistive apparatus is making a motion of his or her 
both legs, on the assumption that the person is making 
almost the same motion as the motion of the legs with the leg 
body exercise assistive apparatus removed from the person, 
and of sequentially estimating apparatus-side joint moments, 
which are moments to be generated in the joint regions of the 
leg body exercise assistive apparatus corresponding to at 
least the knee joint and the hip joint of each leg, respectively, 
on the assumption that the leg body exercise assistive 
apparatus is independently making almost the same motion 
as the motion of the person’s legs; and a torque control step 
of controlling the torque generation means so as to generate 
a torque, as the Support torque, which is obtained by adding 
the torque determined according to an estimated value of the 
person-side joint moment corresponding to the joint region 
concerned to a reference torque, assuming that an estimated 
value of the apparatus-side joint moment of each joint region 
corresponding to each of the knee joint and the hip joint of 
the leg is the reference torque to be generated by the torque 
generation means corresponding to the joint region con 
cerned. 

0007 According to a second feature of the present inven 
tion, there is provided a method of controlling generated 
torques of respective torque generation means in the leg 
body exercise assistive apparatus, which includes leg sec 
tions attached to both legs of a person so as to be movable 
integrally with the legs, with the leg sections each having a 
foot orthosis portion, which is disposed on the bottom side 
of the foot of each leg so as to be landing with the foot put 
on the foot orthosis portion during the landing period, being 
connected with joint regions corresponding to an ankle joint, 
a knee joint, and a hip joint of each leg, respectively, along 
the leg, and the torque generation means capable of gener 
ating a Support torque applied to the joint regions corre 
sponding to the ankle joint, the knee joint, and the hip joint 
of the leg, respectively, the method comprising: a moment 
estimation step of sequentially estimating person-side joint 
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moments, which are moments to be generated in the ankle 
joint, the knee joint, and the hip joint of each leg, in a 
situation where the person wearing the leg body exercise 
assistive apparatus is making a motion of his or her both 
legs, on the assumption that the person is making almost the 
same motion as the motion of the legs with the leg body 
exercise assistive apparatus removed from the person, and of 
sequentially estimating apparatus-side joint moments, which 
are moments to be generated in the joint regions of the leg 
body exercise assistive apparatus corresponding to the ankle 
joint, the knee joint, and the hip joint of each leg, respec 
tively, on the assumption that the leg body exercise assistive 
apparatus is independently making almost the same motion 
as the motion of the person’s legs; and a torque control step 
of controlling the torque generation means so as to generate 
a torque, as the Support torque, which is obtained by adding 
a torque determined according to the estimated value of the 
person-side joint moment corresponding to the joint region 
concerned to a reference torque, assuming that an estimated 
value of the apparatus-side joint moment of each joint region 
corresponding to each of the ankle joint, the knee joint, and 
the hip joint is the reference torque to be generated by the 
torque generation means corresponding to the joint region 
concerned. 

0008. In the first and second features of the present 
invention, the moment estimation step includes the sequen 
tial estimation of person-side joint moments to be generated 
in the respective joints (at least the knee joint and the hip 
joint in the first feature of the invention, and the ankle joint, 
the knee joint, and the hip joint in the second feature of the 
invention) of each leg, in the situation where the person 
wearing the leg body exercise assistive apparatus is making 
the motion of his or her legs, on the assumption that the 
person is making almost the same motion as the motion of 
the legs with the leg body exercise assistive apparatus 
removed from the person. In other words, on the assumption 
that the person not wearing the leg body exercise assistive 
apparatus is independently making almost the same motion 
as the motion of the legs actually being made by the person 
wearing the leg body exercise assistive apparatus, the per 
Son-side joint moments to be generated in the joints of each 
leg are sequentially estimated. Therefore, the person-side 
joint moments estimated here are joint moments necessary 
for the person to make almost the same motion as the motion 
of the legs while Supporting the person’s own weight 
without help (more specifically, joint moments necessary for 
satisfying a dynamic balance relation between an inertia 
force generated by the motion of the person not wearing the 
leg body exercise assistive apparatus and a gravity and floor 
reaction forces acting on the person). 
0009 Moreover, the moment estimation step includes 
sequential estimation of the apparatus-side joint moments to 
be generated in the joint regions of the leg body exercise 
assistive apparatus, on the assumption that the leg body 
exercise assistive apparatus is independently (without help) 
making almost the same motion as the motion of the legs. 
Therefore, the apparatus-side joint moment estimated here 
are joint moments necessary for the leg body exercise 
assistive apparatus to make the same motion as the motion 
of the legs as if the leg body exercise assistive apparatus 
were Supporting its own weight without help (more specifi 
cally, joint moments necessary for satisfying a dynamic 
balance relation between an inertia force generated by the 
independent motion of the leg body exercise assistive appa 
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ratus and a gravity and floor reaction forces acting on the leg 
body exercise assistive apparatus). 
0010 More specifically, in the moment estimation step, 
estimation is made for the person-side joint moment for 
making the leg motion while the person is supporting his or 
her own weight and the apparatus-side joint moment for 
making almost the same motion as the leg motion while the 
leg body exercise assistive apparatus is Supporting its own 
weight separately from each other. 
0011 Furthermore, in the first and second features of the 
present invention, the torque control step includes generat 
ing torque obtained by adding a torque according to the 
estimated value of the person-side joint moment (for 
example, a torque of a predetermined rate of the person-side 
joint moment) corresponding to each joint region to a 
reference torque, assuming that the estimated value of the 
apparatus-side joint moment of the joint region concerned is 
the reference torque to be generated by the torque generation 
means corresponding to the joint region concerned. There 
fore, the torque generation means generates the torque 
enabling the leg body exercise assistive apparatus to make 
the same motion as the person’s leg motion without help as 
far as possible and at the same time Supplementarily gen 
erates a torque for a part of the person-side joint moments to 
be generated by the respective joints of the person’s legs. In 
this instance, reaction forces are necessary for generating the 
torque of the torque generation means, and many of the 
reaction forces are covered with floor reaction forces applied 
to the foot orthosis portion on the leg side during the landing 
period by the floor directly (without passing through the 
person). 

0012. Therefore, according to the first and second fea 
tures of the present invention, it becomes possible to reduce 
the empty weight of the leg body exercise assistive appara 
tus, which is attached to the person, acting on the person, 
whereby the person can make the leg motion in Such a 
feeling that the person is not wearing the leg body exercise 
assistive apparatus as far as possible. 
0013 Incidentally, in the first feature of the present 
invention, the torque generation means for applying the 
Support torque to the ankle joint of each leg is not neces 
sarily required. In this case, while the person incurs more 
percentage of the empty weight of the leg body exercise 
assistive apparatus in comparison with the second feature of 
the present invention, it is possible to reduce the percentage 
of the empty weight of the leg body exercise assistive 
apparatus incurred by the person to a relatively low level by 
applying the torque from the torque generation means to the 
joint regions corresponding to the hip joint and the knee joint 
of the leg body exercise assistive apparatus as described 
above. In order to minimize the percentage of the empty 
weight of the leg body exercise assistive apparatus that the 
person incurs, however, preferably the torque generation 
means applies the torque to the joint regions corresponding 
to the ankle joint, the knee joint, and the hip joint of each leg 
as described in the second feature of the present invention. 
0014. In the first and second features of the present 
invention, the person-side joint moment and the apparatus 
side joint moment estimated in the moment estimation step 
may naturally be a moment around three axes (moment as a 
three-dimensional vector quantity) and may also be, for 
example, a moment around one axis viewed on the Sagittal 
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plane (the plane formed by the axis in the forward/backward 
direction of the person and the axis in the vertical direction) 
(moment around the axis perpendicular to the Sagittal plane). 
In this case, in order to minimize the percentage of the empty 
weight of the leg body exercise assistive apparatus that the 
person incurs, it is thought to be preferable that the person 
side joint moment and the apparatus-side joint moment 
estimated in the moment estimation step are moments 
around three axes (moments as three-dimensional vector 
quantities) and the torque that can be generated by the torque 
generation means are also three-dimensional quantities in 
principle. This, however, generally complicates or enlarges 
the structure of the leg body exercise assistive apparatus, 
thus inhibiting a Smooth motion of the person’s legs, instead. 
0.015 The motion of each leg during human walking is 
mainly a bending and stretching motion. The bending and 
stretching motion is made by rotating the hip joints, the knee 
joints, and the ankle joints of the legs each around the axis 
Substantially perpendicular to the plane passing through the 
respective joints. Therefore, according to the third feature of 
the present invention, the person-side joint moment and the 
apparatus-side joint moment estimated in the moment esti 
mation step are considered as moments around the axis 
Substantially perpendicular to a leg plane as a plane passing 
through the hip joint, the knee joint, and the ankle joint of 
each leg of the person. In this case, the Support torque 
generated by the torque generation means is a torque around 
the axis Substantially perpendicular to the leg plane. 

0016. According to the third feature of the present inven 
tion, the estimated person-side joint moment and apparatus 
side joint moment may be components around one axis and 
the torque generated by the torque generation means may 
also be a torque around one axis. Therefore, the structure of 
the leg body exercise assistive apparatus can be compact and 
simple. At the same time, the torque generated by the torque 
generation means is controlled by estimating the person-side 
joint moment and the apparatus-side joint moment related to 
the bending and stretching motion, which is the main human 
leg motion, thereby achieving an effective reduction of the 
load on the person applied by the empty weight of the leg 
body exercise assistive apparatus. 

0017 Moreover, in the first or second feature of the 
present invention, there may be a wide variety of techniques 
(modes of the moment estimation step) for estimating the 
person-side joint moment and the apparatus-side joint 
moment. Preferably, however, the moment estimation step 
includes: a first step of sequentially grasping an acceleration 
of a predetermined region of the person or the leg body 
exercise assistive apparatus; a second step of sequentially 
grasping displacements of the hip joint, the knee joint, and 
the ankle joint of each leg of the person; a third step of 
sequentially estimating floor reaction forces acting on the 
person and the application point thereof, on the assumption 
that almost the same motion as the motion of both legs of the 
person is being made with the leg body exercise assistive 
apparatus removed from the person; a fourth step of sequen 
tially estimating floor reaction forces acting on the leg body 
exercise assistive apparatus and the application point 
thereof, on the assumption that the leg body exercise assis 
tive apparatus is independently making almost the same 
motion as the motion of both legs of the person; a fifth step 
of estimating the person-side joint moment by inverse 
dynamics calculation processing by using the acceleration 
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grasped in the first step, the displacements grasped in the 
second step, the floor reaction forces and the application 
point thereof estimated in the third step, and a person-side 
rigid link model which represents the person as a link body 
formed of a plurality of rigid elements and joint elements; 
and a sixth step of estimating the apparatus-side joint 
moment by using the acceleration grasped in the first step, 
the displacements grasped in the second step, the floor 
reaction forces and the application point thereof estimated in 
the fourth step, and an apparatus-side rigid link model which 
represents the leg body exercise assistive apparatus as a link 
body formed of a plurality of rigid elements and joint 
elements (a fourth feature of the present invention). 
0018 More specifically, relative positional relations and 
dynamic relations (relations between force and motion) of 
the person’s respective portions (the regions corresponding 
to the elements of the person-side rigid link model) are 
determined by grasping the acceleration of the predeter 
mined region of the person or the leg body exercise assistive 
apparatus and the displacements of the hip joint, the knee 
joint, and the ankle joint of each leg of the person, estimating 
the floor reaction forces acting on the person and the 
application point thereof on the assumption that almost the 
same motion as the motion of both legs of the person is being 
made with the leg body exercise assistive apparatus removed 
from the person, and using the grasped or estimated physical 
quantities and the person-side rigid link model. Therefore, 
the person-side joint moment can be estimated by So-called 
inverse dynamics calculation processing. Generally speak 
ing, the inverse dynamics calculation is arithmetic process 
ing of estimating a reaction force or a moment, which are 
internal forces of the object, on the assumption that the 
external forces acting on the object and positional informa 
tion are already known (with the external forces and the 
positional information as input parameters). In this case, the 
floor reaction force is already known as an external force 
acting on each leg and therefore the person-side joint 
moments can be estimated in order from a joint relatively 
close to the floor (in the order of the ankle joint, the knee 
joint, and the hip joint) by the inverse dynamics calculation. 

0019. Similarly, the relative positional relations and the 
dynamic relations (relations between force and motion) of 
the respective portions of the leg body exercise assistive 
apparatus (the regions corresponding to the elements of the 
apparatus-side rigid link model) are determined by using the 
grasped acceleration and displacements, the floor reaction 
forces and the application point thereof estimated in the 
fourth step, and the apparatus-side rigid link model. There 
fore, the apparatus-side joint moment can be estimated by 
the inverse dynamics calculation processing. 

0020 Incidentally, the acceleration and the displace 
ments can be grasped by using an acceleration sensor, a 
rotation angle sensor, or the like. The floor reaction forces 
and the application point thereof can be estimated by using 
the grasped acceleration and joint displacements, the person 
side and apparatus-side rigid link models, and the like. 

0021. In the fourth feature of the present invention, 
similarly to the third feature of the present invention, pref 
erably, in cases where the person-side joint moment esti 
mated in the fifth step and the apparatus-side joint moment 
estimated in the sixth step are moments around an axis 
Substantially perpendicular to a leg plane as a plane passing 
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through the hip joint, the knee joint, and the ankle joint of 
each leg of the person, where the acceleration grasped in the 
first step, the floor reaction forces and the application point 
thereof estimated in the third step, and the floor reaction 
forces and the application point thereof estimated in the 
fourth step are all three-dimensional quantities, and where 
the displacements of the hip joint, the knee joint, and the 
ankle joint of each leg grasped in the second step each 
include an amount of rotation around an axis Substantially 
perpendicular to the leg plane of the leg and the displace 
ment of the hip joint is a three-dimensional quantity, the 
generated torque control method further includes: a seventh 
step of sequentially grasping an acceleration of a predeter 
mined reference point fixed to a person’s predetermined 
region as a three-dimensional quantity by using at least the 
acceleration grasped in the first step; an eighth step of 
sequentially grasping the positions and postures on the leg 
plane of the elements of each leg section of the person-side 
rigid link model by using at least the displacements grasped 
in the second step and the person-side rigid link model; a 
ninth step of grasping the positions and postures on the leg 
plane of the elements of each leg section of the apparatus 
side rigid link model by using at least the displacements 
grasped in the second step and the apparatus-side rigid link 
model, wherein the fifth step includes estimating the person 
side joint moment by using a two-dimensional quantity, 
which is obtained by projecting the acceleration of the 
predetermined reference point grasped in the seventh step 
and the floor reaction forces and the application point 
thereof estimated in the third step onto the leg plane corre 
sponding to each leg according to the displacement of the 
hip joint, and the positions and postures grasped in the 
eighth step and wherein the sixth step includes estimating 
the apparatus-side joint moment by using a two-dimensional 
quantity, which is obtained by projecting the acceleration of 
the predetermined reference point grasped in the seventh 
step and the floor reaction forces and the application point 
thereof estimated in the fourth step onto the leg plane 
corresponding to each leg according to the displacement of 
the hip joint, and the positions and postures grasped in the 
ninth step (a fifth feature of the present invention). 
0022. In this regard, the amount of rotation around the 
axis Substantially perpendicular to the leg plane of the hip 
joint, the knee joint, and the ankle joint of each leg grasped 
in the second step can be grasped relatively accurately by 
using a rotation angle sensor Such as a potentiometer or a 
rotary encoder. Then, according to the fifth feature of the 
present invention, even if the motion of each leg of the 
person is a three-dimensional motion, which includes a 
motion (abduction, external rotation, adduction, internal 
rotation, or the like) other than the two-dimensional motion 
on the leg plane, it is possible to grasp the positions and 
postures on the leg plane of the person-side rigid link model 
and the positions and postures on the leg plane of the 
apparatus-side rigid link model relatively accurately in the 
eighth step and the ninth step. Moreover, in consideration of 
a spatial (three-dimensional) motion of the person and the 
leg body exercise assistive apparatus attached thereto, the 
acceleration of the reference point, the floor reaction forces 
acting on the person and the position of the application point 
thereof, and the floor reaction forces acting on the leg body 
exercise assistive apparatus and the position of the applica 
tion point thereof are grasped as three-dimensional quanti 
ties (vector quantities expressed in a certain three-dimen 
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sional coordinate system) in the seventh step, the third step, 
and the fourth step. Then, they are projected onto the leg 
plane related to the leg according to the displacement (a 
three-dimensional quantity) of the hip joint of the leg, 
thereby making it possible to obtain two-dimensional quan 
tities on the leg plane (more specifically, components on the 
plane parallel to the leg plane) of the acceleration of the 
reference point, the floor reaction forces acting on the 
person, and the application point thereof, and the floor 
reaction forces acting on the leg body exercise assistive 
apparatus and the application point thereof. In the fifth step, 
the person-side joint moment is then estimated in the inverse 
dynamics calculation processing on the leg plane by using 
the two-dimensional quantities on the leg plane of the 
acceleration of the reference point, the floor reaction forces 
acting on the person, and the application point thereof, and 
the positions and postures on the leg plane of the elements 
of the person-side rigid link model grasped in the eighth 
step. Similarly, the apparatus-side joint moment is estimated 
in the inverse dynamics calculation processing on the leg 
plane by using the two-dimensional quantities on the leg 
plane of the acceleration of the reference point, the floor 
reaction forces acting on the leg body exercise assistive 
apparatus, and the application point thereof and the positions 
and postures on the leg plane of the elements of the 
apparatus-side rigid link model grasped in the ninth step. By 
estimating the person-side joint moment and the apparatus 
side joint moment and the apparatus-side joint moment 
around the axis Substantially perpendicular to the leg plane 
in this manner, it becomes possible to estimate the compo 
nents around the axis Substantially perpendicular to the leg 
plane of each of the joint moments with Sufficient estimation 
accuracy and to prevent excessive changes in the compo 
nents. Consequently, the torque generated by the respective 
torque generation means can be made Suitable for stably 
reducing the load on the person generated by the empty 
weight of the leg body exercise assistive apparatus. 
0023. Moreover, in the fourth or fifth feature of the 
present invention, preferably the third step includes estimat 
ing the floor reaction forces acting on the person and the 
application point thereof by using at least the acceleration 
grasped in the first step, the displacements grasped in the 
second step, and the person-side rigid link model and the 
fourth step includes estimating the floor reaction forces 
acting on the leg body exercise assistive apparatus and the 
application point thereof by using at least the acceleration 
grasped in the first step, the displacements grasped in the 
second step, and the apparatus-side rigid link model (a sixth 
feature of the present invention). 
0024. The motion state (eventually, the inertia force) of 
each part of the person can be known by using the accel 
eration of a predetermined region of the person or the leg 
body exercise assistive apparatus, the displacements of the 
joints of each leg of the person, and the person-side rigid link 
model, thereby allowing an estimation of the floor reaction 
forces acting on the person by his or her own weight and the 
application point thereof by a dynamic or geometric calcu 
lation. Similarly, by using the acceleration of a predeter 
mined region of the person or the leg body exercise assistive 
apparatus, the displacements of the joints of each leg of the 
person, and the person-side rigid link model, it is possible to 
estimate the floor reaction forces acting on the leg body 
exercise assistive apparatus by its own weight and the 
application point thereof. As mentioned above, the leg body 



US 2007/0054777 A1 

exercise assistive apparatus can be downsized by reducing 
the sensors or the like to be attached to the person by using 
the acceleration or the like in the predetermined region to 
estimate the floor reaction forces and the application point 
thereof. Moreover, in this case, the acceleration sensor 
necessary for grasping the acceleration is only required to be 
attached to the region corresponding to a rigid element of 
either the person-side rigid link model or the apparatus-side 
rigid link model, thus providing a high degree of freedom in 
the place where it is attached. Thereby, it is possible to 
prevent an attachment of a sensor in a place interfering with 
the leg motion of the person as much as possible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.025 FIG. 1 is a lateral view showing a person wearing 
a leg body exercise assistive apparatus according to a first 
embodiment; 

0026 FIG. 2 is a front view showing a lower part of the 
body of the person wearing the leg body exercise assistive 
apparatus shown in FIG. 1; 

0027 FIG. 3 is a block diagram showing an internal 
configuration of a sensor box of the leg body exercise 
assistive apparatus shown in FIG. 1; 
0028 FIG. 4 is a diagram showing a structure of a 
person-side rigid link model and an apparatus-side rigid link 
model for use in control processing of the leg body exercise 
assistive apparatus shown in FIG. 1; 
0029 FIG. 5 is a diagram showing a structure of a foot of 
the apparatus-side rigid link model; 

0030 FIG. 6 is a block diagram showing an outline of a 
processing function of an arithmetic processing unit shown 
in FIG. 3; 

0031 FIG. 7 is a block diagram showing detailed func 
tions of person-side joint moment estimation means shown 
in FIG. 6; 

0032 FIG. 8 is a block diagram showing detailed func 
tions of apparatus-side joint moment estimation means 
shown in FIG. 6; 

0033 FIG. 9 is a diagram for explaining a position and a 
posture of a leg on the leg plane; 

0034 FIG. 10 is a diagram for explaining floor reaction 
force estimation processing of the person in a single Support 
State; 

0035 FIGS. 11(a), (b) are diagrams each for explaining 
floor reaction force estimation processing of the person in a 
double Support state; 

0.036 FIGS. 12(a) to (c) are diagrams for explaining 
estimation processing of a floor reaction force application 
point on a Sagittal plane of the person; 

0037 FIG. 13 is a diagram for explaining estimation 
processing of the floor reaction force application point on a 
horizontal plane of the person; 

0038 FIG. 14 is a diagram for explaining projection of a 
physical quantity to the leg plane for estimating a joint 
moment of the person; 
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0039 FIG. 15 is a diagram for explaining estimation 
processing of a joint moment of the person using an inverse 
dynamics model; 
0040 FIG. 16 is a diagram for explaining floor reaction 
force estimation processing of the leg body exercise assis 
tive apparatus in the single Support state; 
0041 FIGS. 17(a), (b) are diagrams for explaining floor 
reaction force estimation processing of the leg body exercise 
assistive apparatus in the double Support state; 
0042 FIGS. 18(a) to (c) are diagrams for explaining 
estimation processing of the floor reaction force application 
point on a Sagittal plane of the leg body exercise assistive 
apparatus; 

0043 FIG. 19 is a diagram for explaining estimation 
processing of the floor reaction force application point on a 
horizontal plane of the leg body exercise assistive apparatus; 
0044 FIG. 20 is a diagram for explaining a structure of 
a foot of a leg body exercise assistive apparatus according to 
a third embodiment; 
0045 FIG. 21 is a graph for explaining an effect of the 
present invention; 
0046 FIG. 22 is a graph for explaining an effect of the 
present invention; 
0047 FIG. 23 is a graph for explaining an effect of the 
present invention; and 
0048 FIG. 24 is a graph for explaining an effect of the 
present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

0049. An embodiment (a first embodiment) of the present 
invention will be described below by using FIG. 1 to FIG. 
19. This embodiment is intended for the first and second 
features of the present invention. FIG. 1 shows a state where 
a person A is wearing a leg body exercise assistive apparatus 
1 according to this embodiment, by means of a lateral view. 
FIG. 2 shows a lower part of the body of the person A 
wearing the leg body exercise assistive apparatus 1, by 
means of a front view. In FIG. 2, the hip joint, the knee joint, 
and the ankle joint of each leg of the person A are illustrated 
in chain double-dashed line circles, respectively, for pur 
poses of the description. 
0050. In these FIG. 1 and FIG. 2, the leg body exercise 
assistive apparatus 1 (hereinafter, simply referred to as the 
assistive apparatus 1) includes a sensor box 2 attached to the 
back of the waist of the person A, a waist link member 3 
extended from the sensor box 2 to the place of the hip joint 
of each leg of the person A, a thigh link member 5 extended 
from the waist link member 3 to the place of the knee joint 
along the thigh of each leg via the hip joint region 4, a first 
crus link member 7 extended from the thigh link member 5 
along the crus of each leg via the knee joint region 6 and then 
connected to the crus annular member 8 externally inserted 
in the lower part of the crus (on the upper side of the ankle 
joint) of the leg, a second crus link member 9 extended from 
the crus annular member 8 to the place of the ankle joint of 
each leg, and a foot link member 11 extended from the 
second crus link member 9 toward the bottom face of the 
foot of each leg via the ankle joint region 10 and connected 
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to the foot orthosis portion 12 in the form of flat plate abutted 
against the bottom face of the foot. The sensor box 2 is fixed 
to the waist via the belt 13 or the like, the thigh link member 
5 is fixed to the thigh of each leg via belts 14, 15 or the like, 
the crus link member 7 is fixed to the crus of each leg via a 
belt 16 or the like, and the foot orthosis portion 12 is fixed 
to the foot of each leg via a belt 17 or the like. 
0051. The hip joint region 4, the knee joint region 6, and 
the ankle joint region 10 are located in the positions corre 
sponding to the hip joint, the knee joint, and the ankle joint 
of each leg of the person A, respectively, and they are 
assumed to be rotatable with the bending and stretching 
motion of the leg (capable of making a rotary motion around 
an axis generally perpendicular to the Surface of the page 
showing FIG. 1 (more specifically, around an axis Substan 
tially perpendicular to the leg plane described later)). More 
over, the waist link member 3 has a portion 3a relatively 
close to the sensor box 2 being formed by a hard rigid 
member and a portion 3b relatively close to the hip joint 
region 4 being formed by an elastic material Such as rubber. 
The elastic portion 3b is deformed, thereby allowing an 
abduction or adduction motion of the leg of the person A (a 
motion of rotating the thigh of the leg around the hip joint 
in the horizontal direction of the person A) or a Swinging 
motion (a motion of rotating the thigh of the leg relative to 
the waist around the central axis substantially in the vertical 
direction). Moreover, the second crus link member 9 is 
attached to the crus annular member 8 in Such a way as to 
be capable of making a Swinging motion relative to the first 
crus link member 7, thereby allowing a Swinging motion 
around the ankle joint of the foot (a motion of rotating the 
foot around the central axis of the crus). 
0.052 A lower part from each hip joint region 4 down 
(including the hip joint region 4) of the assistive apparatus 
1 having the above structure is a leg section corresponding 
to each leg of the person A. 

0053. The assistive apparatus 1 has electric motors 18, 
19, and 20 as torque generation means, which are located in 
the hip joint region 4, the knee joint region 6, and the ankle 
joint region 10 of each leg and apply torques to the respec 
tive joint regions. These electric motors 18 to 20 are 
disposed on the lateral surfaces (the right side surface of the 
right leg and the left side surface of the left leg). In this case, 
the electric motor 18 can generate a torque for rotating the 
thigh link member 5 around the rotation axis of the hip joint 
region 4 relative to the waist link member 3, the electric 
motor 19 can generate torque for rotating the first and second 
crus link members 7, 9 around the rotation axis of the knee 
joint region 6 relative to the thigh link member 5, and the 
electric motor 20 can generate a torque for rotating the foot 
link member 11 and the foot orthosis portion 12 around the 
rotation axis of the ankle joint region 10 relative to the first 
and second crus link members 7,9. Incidentally, the torque 
generation means may use, for example, a pneumatic actua 
tor, instead of an electric motor. 

0054 As shown in the block diagram of FIG. 3, the 
sensor box 2 contains an acceleration sensor 21 for detecting 
3-axis acceleration (translation acceleration), a gyro sensor 
22 for detecting a 3-axis angular Velocity, an arithmetic 
processing unit 23 configured using a microcomputer, an 
light emitter/receiver 26 for emitting a light to be introduced 
to optical fibers 24, 25 described later or receiving a feed 
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back light, a motor drive circuit 27 for controlling generated 
torque of the electric motors 18 to 20 upon receiving a 
command of the arithmetic processing unit 23, and a battery 
28 as a power Supply for each electrical equipment such as 
the arithmetic processing unit 23. Detected outputs of the 
light emitter/receiver 26, the acceleration sensor 21, and the 
gyro sensor 22 are input to the arithmetic processing unit 23. 
The acceleration sensor 21 and the gyro sensor 22 are fixed 
to the waist via the sensor box 2 and the band 13 in such a 
way as to move integrally with the waist. 

0055. The assistive apparatus 1 has a sensing structure as 
described below, in addition to the acceleration sensor 21 
and the gyro sensor 22. 
0056 Specifically, as shown in FIG. 2, the hip joint 
region 4, the knee joint region 6, and the ankle joint region 
10 are provided with the joint displacement sensors 29, 30. 
and 31 for detecting displacements (rotation angles) of the 
hip joint, the knee joint, and the ankle joint of the person A, 
respectively. Detected outputs of the joint displacement 
sensors 29 to 31 are input to the arithmetic processing unit 
23 of the sensor box 2 via signal lines, not shown. The 
displacement detected by the joint displacement sensor 29 of 
the hip joint region 4 among the joint displacement sensors 
29 to 31 is a 3-axis rotation angle of (a three-dimensional 
quantity made of a combination of rotation angles around 
three axes) of the hip joint of the person A, the displacement 
detected by the joint displacement sensor 30 of the knee joint 
region 6 is a single-axis rotation angle of the knee joint of 
the person A, and the displacement detected by the joint 
displacement sensor 31 of the ankle joint region 10 is a 
single-axis rotation angle of the ankle joint of the person A. 
In this case, the rotation axis of one of the rotation angles 
detected by the joint displacement sensor 29 and the rotation 
axes of the rotation angles detected by the joint displacement 
sensors 30, 31 are, as shown in FIG. 2, axes a29, a30, and 
a31 substantially perpendicular to the leg plane PL (a plane 
perpendicular to the Surface of the page of FIG. 2) as a plane 
passing through Substantially the center of the hip joint, the 
knee joint, and the ankle joint of the leg corresponding to the 
joint displacement sensors 29 to 31, respectively. These axes 
a29, a30, and a31 are rotation axes of the hip joint region 4. 
the knee joint region 6, and the ankle joint region 10, 
respectively. The joint displacement sensors 29 to 31 are 
configured so as to detect the rotation angles around the 
rotation axes a29, a30, and a31 of the hip joint, the knee 
joint, and the ankle joint, respectively, by using a potenti 
ometer or a rotary encoder. 
0057. In this regard, the leg plane PL is supplementarily 
described. On the leg plane PL, there are the center points of 
the hip joint, the knee joint, and the ankle joint of the leg 
when the person Abends and stretches the corresponding leg 
by bending the leg at the knee joint. In other words, each leg 
is bent and stretched with the center points of the hip joint, 
the knee joint, and the ankle joint positioned Substantially on 
the leg plane PL. In addition, for example, if the left leg is 
abducted by a motion of the hip joint like the left leg shown 
in FIG. 2, the leg plane PL corresponding to the left leg 
inclines relative to the vertical direction. 

0058 Rotation angles around other two axes detected by 
the joint displacement sensor 29 of the hip joint region 4 are 
those around two axes parallel to the leg plane PL of the 
corresponding leg, but not parallel to each other. Moreover, 
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the rotation angles are detected by using a strain sensor for 
detecting a volume of deformation of the elastic portion 3b 
of the waist link member 3 or a sensor using optical fibers 
described later. 

0059) As shown in FIG. 1, two optical fibers 24, 25 
introduced from the sensor box 2 are extended upward along 
the back face (back) of the body of the person A and their 
points are fixed to the back face of the abdomen and the back 
face of the chest of the person A, respectively, via a band or 
other member not shown. The optical fibers 24, 25 are 
components of detection means for detecting tilt angles (tilt 
angles on the Sagittal plane) of the abdomen and the chest 
relative to the waist. The tilt angles of the abdomen and the 
chest are measured using the optical fibers 24, 25 in the 
method described below. The method of measuring the tilt 
angle of the abdomen using the optical fiber 24 will now be 
typically described. A light having a predetermined intensity 
is introduced from the light emitter/receiver 26 in the sensor 
box 2 into the optical fiber 24 and the introduced light is 
reflected on the end of the optical fiber 24 and returns to the 
sensor box 2 side. The light emitter/receiver 26 then detects 
the feedback amount of the light (the intensity of the 
feedback light). The optical fiber 24 is provided with a 
plurality of notches (not shown) allowing Subtle light leak 
age disposed at intervals in the longitudinal direction. There 
fore, light of the amount according to the tilt angle of the 
abdomen relative to the waist leaks from the optical fiber 24 
via the notches, out of the light introduced into the optical 
fiber 24. Therefore, the feedback amount of the light to the 
sensor box 2 side depends upon the tilt angle of the abdomen 
and the tilt angle of the abdomen relative to the waist is 
measured by detecting the feedback amount. In other words, 
a detected output of the light emitter/receiver 26 according 
to the feedback amount of the light of the optical fiber 24 
depends upon the tilt angle of the abdomen relative to the 
waist and it is input to the arithmetic processing unit 23 as 
a signal indicating the tilt angle. The same applies to the 
method of measuring the tilt angle of the chest using the 
optical fiber 25. 

0060 Incidentally, the rotation angles of the hip joint, the 
knee joint, and the ankle joint detected by the joint displace 
ment sensors 29 to 31 are measured with reference (Zero 
point) to a state where the person. A stands upright with both 
feet directed forward in parallel (hereinafter, referred to as 
the reference posture condition). The same applies to the tilt 
angles of the abdomen and the chest detected by using the 
optical fibers 25, 26. 

0061 Moreover, as shown in FIG. 1 the assistive appa 
ratus 1 has two landing sensors 32, 33 on the bottom face of 
each foot orthosis portion 12. Regarding the landing sensors 
32, 33, the landing sensor 32 is disposed in the part (heel) 
just under the ankle joint and the landing sensor 33 is 
disposed in the part (toe) just under the metatarsophalangeal 
joint of the foot (a joint at the root of the big toe of the foot). 
These landing sensors 32, 33 output ON/OFF signals indi 
cating whether the parts where they are disposed are in 
contact with the ground. Incidentally, detected outputs of the 
landing sensors 32, 33 are input to the arithmetic processing 
unit 23 of the sensor box 2 via signal lines (not shown). 
0062) The configuration of the assistive apparatus 1 has 
been described hereinabove. In this type of assistive appa 
ratus 1, the foot orthosis portion 12 is brought into contact 

Mar. 8, 2007 

with the ground with the foot of the leg placed on the foot 
orthosis portion 12. In this case, for example, in a state 
where the person A Stands upright, almost the entire weight 
of the assistive apparatus 1 acts on the floor (ground) via 
both foot orthosis portions 12, 12 while not acting on the 
person A almost at all. 

0063. The following describes a rigid link model (geo 
metric model) of the person A, a rigid link model (geometric 
model) of the assistive apparatus 1, and coordinate systems 
used in this embodiment. Referring to FIG.4, there is shown 
a structure and a coordinate system for the rigid link model 
S1 of the person A. As described later, the basic structure of 
the rigid link model of the assistive apparatus 1 is assumed 
to be the same as that of the rigid link model S1 of the person 
A in this embodiment. Therefore, FIG. 4 shows the structure 
of the rigid link model of the assistive apparatus 1, too. 
Accordingly, the reference symbol S1 indicating the rigid 
link model of the assistive apparatus 1 is put in parentheses 
in FIG. 4. 

0064. As shown in FIG. 4, the rigid link model S1 of the 
person A is represented as a link body formed of nine rigid 
elements and eight joint elements in this embodiment. In 
FIG. 4, each rigid element is represented by a line segment 
and each joint element is represented by a circle (except one 
indicated by the reference character J4). More specifically, 
the rigid link model S1 is roughly composed of a pair of leg 
sections S2, S2 corresponding to the legs of the person and 
an upper body section S3 corresponding to the upper part of 
the body (the upper part from the waist) of the person. The 
upper body section S3 is configured as a link body wherein 
a rigid element S4 corresponding to the waist of the person 
is coupled to a rigid element S5 corresponding to the 
abdomen via a joint element JU1 and further the rigid 
element S5 is coupled to a rigid element S6 corresponding 
to the chest via a joint element JU2. Hereinafter, the rigid 
elements S4 to S6 are respectively referred to as the waist 
element S4, the abdomen element S5, and the waist element 
S6 in some cases, and the joint elements JU1 and JU2 are 
respectively referred to as the lower joint of the upper body 
JU1 and the upper joint of the upper body JU2 in some cases. 

0065. In this case, the lower joint of the upper body JU1 
is disposed at the upper end of the waist element S4 and a 
pair of joint elements J1 J1 corresponding to a pair of hip 
joints (hereinafter, simply referred to as the hip joint J1 in 
Some cases) of the person A are disposed at right and left 
both ends of the lower part of the waist element S4. 
Moreover, the lower joint of the upper body JU1 corre 
sponds to a joint Supposed on the backbone of the person A 
in the vicinity of the border between the waist and the 
abdomen of the person A, and the upper joint of the upper 
body JU2 corresponds to a joint Supposed on the backbone 
of the person A in the vicinity of the border between the 
abdomen and the chest. In the rigid link model S1, the 
bending motion of the upper body section S3 corresponding 
to the bending motion of the body of the person A is made 
by two joint elements of the lower joint of the upper body 
JU1 and the upper joint of the upper body JU2. 

0066 Each leg section S2 of the rigid link model S1 is 
configured as a link body wherein a thigh element S7 as a 
rigid element corresponding to the thigh of the person is 
coupled to the waist element S4 via the hip joint J1, a crus 
element S8 as a rigid element corresponding to the crus is 
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coupled via a joint element J2 corresponding to the knee 
joint, and a foot element S9 as a rigid element corresponding 
to the foot is coupled via a joint element J3 corresponding 
to the ankle joint. Hereinafter, the rigid elements S7 to S9 are 
simply referred to as the thigh element SS7, the crus element 
S8, and the foot element S9 and the joint elements J2, J3 are 
simply referred to as the knee joint J2 and the ankle joint J3, 
respectively, in Some cases. 
0067. In FIG. 4, the part indicated by the reference 
character J4 at the tip of the foot element S9 corresponds to 
the metatarsophalangeal joint (hereinafter, referred to as the 
MP joint), which is a joint at the root of the big toe of the 
foot of the person. In the rigid link model S1, the part J4 does 
not have a function of a joint, but hereinafter the part J4 is 
referred to as the MP joint for convenience. 
0068 The rigid elements and the joint elements of the 
rigid link model S1 of the person A configured as described 
above are capable of making a motion in Such a way that the 
mutual positional relationship and posture relationship 
(directional relationship) of the elements are coincident with 
the mutual positional relationship and posture relationship of 
the respective portions of the person corresponding to the 
rigid elements and the joint elements by means of the rotary 
motions of the joint elements. In this case, the lower joint of 
the upper body JU1 and the upper joint of the upper body 
JU2 are assumed to be rotatable around three axes. By using 
one of the three axes as a measurement axis, a rotation 
around the measurement axis (arrows (rotation arrows) 
corresponding to the joint elements JU1, JU2 shown in FIG. 
4) is measured. In this embodiment, the measurement axis is 
parallel to a line segment connecting the centers of the pair 
of hip joints J1 J1. In addition, the hip joint J1 of the each 
leg section S2 is assumed to be rotatable around three axes 
as indicated by arrows (rotation arrows) typically shown in 
FIG. 4 regarding the hip joint J1 of the left leg section S2. 
Moreover, the knee joint J2 and the ankle joint J3 of the each 
leg section S2 are assumed to be rotatable around a single 
axis as indicated by the arrows (rotation arrows) typically 
shown in FIG. 4 regarding the joint elements J2, J3 of the left 
leg section S2, respectively. The rotation axis of the knee 
joint J2 and that of the ankle joint J3 are perpendicular to the 
leg plane PL (not shown for the left leg section S2 in FIG. 
4) passing through the centers of the hip joint J1, the knee 
joint J2, and the ankle joint J3. The rotating motion of the hip 
joint J1, the knee joint J2, and the ankle joint J3 of the right 
leg section S2 is the same as in the left leg section S2. In this 
case, the each rotation axis (a single axis) of the knee joint 
J2 and the ankle joint J3 of the right leg section S2 is 
perpendicular to the leg plane PL shown correspondingly to 
the right leg section S2. The each hip joint J1 can rotate 
around the three axes regarding both leg sections S2 and 
therefore can rotate around the axis perpendicular to the leg 
plane PL corresponding to each leg section S2. 
0069. In the rigid link model S1, the weight, the length 
(the length in the segment direction in FIG. 4) of the each 
rigid element and the center of gravity location of the each 
rigid element (the position in the element coordinate system 
fixed to the each rigid element described later) are prede 
termined and stored in a memory, not shown, in the arith 
metic processing unit 23. Black dots G6, G5, G4, G7, G8, 
and G9 shown in FIG. 4 illustratively indicate the centers of 
gravity of the chest element S6, the abdomen element S5, the 
waist element S4, the thigh element S7, the crus element S8, 
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and the foot element S9, respectively. As supplementary 
information, the waist element S6 is coupled to the three 
joint elements JU1, J1, and J1 and therefore the length of the 
waist element S6 includes the length of a line segment 
between both hip joints J1 J1 and the length of a line 
segment between the midpoint of the above line segment 
and the lower joint of the upper body JU1. Instead of the 
length of the each rigid element, the positions of the end 
points of the rigid element in the element coordinate system 
fixed to the rigid element concerned may be previously 
stored in the arithmetic processing unit 23. 
0070 The weight, the length, and the center of gravity 
location of each rigid element of the rigid link model S1 are 
basically set so as to be substantially coincident with the 
weight, the length, and the center of gravity location of the 
region (rigid equivalent part) of the person corresponding to 
each rigid element. For example, the weight, the length, and 
the center of gravity location of the thigh element S7 are 
Substantially the same as the actual weight, the length, and 
the center of gravity location of the thigh of the person. The 
weight, the length, and the center of gravity location of each 
rigid element of the rigid link model S1 are the weight, the 
length, and the center of gravity location in a state where the 
person A is not wearing the assistive apparatus 1. Moreover, 
the weight and the center of gravity location of the chest 
element S6 are the weight and the center of gravity location 
of the chest, and both arms, and the head of the person 
included. As Supplementary information, the change in the 
center of gravity location of the chest element S6 accom 
panying the motion of both arms (the motion of Swinging the 
arms back and forth) of the person during walking is 
relatively small and therefore the center of gravity location 
is maintained at a Substantially fixed position of the chest 
element S6. 

0071 While the weight, the length, and the center of 
gravity location of each rigid element of the rigid link model 
S1 may be basically determined based on the actual mea 
surements of the size or the weight of each part of the 
person, it is also possible to estimate them on the basis of 
average statistical data of a human being from the height and 
the weight of the person. In general, the center of gravity 
location, the weight, and the length of the rigid equivalent 
part of the person corresponding to each rigid element have 
a correlation with the height and the weight (the entire 
weight) of a human being, and it is possible to estimate the 
center of gravity location, the weight, and the length of the 
rigid equivalent part of the person corresponding to each 
rigid element relatively accurately from measurement data 
of the height and the weight of the person on the basis of the 
correlation. 

0072 Although the centers of gravity G4 to G9 are 
located on the central axes of the rigid elements correspond 
ing to them respectively (on the shown line segments) in 
FIG. 4 for convenience, they are not necessarily located on 
the central axes, but can exist in the positions deviating from 
the central axes, respectively. 

0073. In this embodiment, a coordinate system as 
described below is preset for the rigid link model S1. More 
specifically, as shown in FIG. 4, a body coordinate system 
BC is set so as to be fixed to the waist element S4. The body 
coordinate system BC is established as a three-dimensional 
coordinate system (XYZ coordinate system) whose origin is 
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defined as being the midpoint of a line segment between the 
centers of the pair of hip joints J1 J1, whose Y axis is 
defined as being in the direction of the line segment, whose 
Z axis is defined as being in the direction from the origin 
toward the center of the lower joint of the upper body JU1, 
and whose X axis is defined as being in the direction 
perpendicular to the Y axis and the Z axis. In the reference 
posture condition of the person A, the X axis, the Y axis, and 
the Z axis of the body coordinate system BC are oriented in 
the forward/backward direction, the right/left direction, and 
the up/down direction (vertical direction) of the person A, 
respectively, and the XY plane is a horizontal plane. In this 
embodiment, the origin of the body coordinate system BC 
corresponds to the reference point in the present invention. 
0074 A leg coordinate system LC is fixed and set to the 
leg plane PL corresponding to each leg section S2. In FIG. 
4, only the leg coordinate system LC corresponding to the 
leg plane Pl of the right leg section S2 is typically shown for 
convenience. The leg coordinate system LC is a three 
dimensional coordinate system (XYZ coordinate system) 
whose origin is the center of the hip joint J1 on the leg plane 
PL, with the Y axis in the direction perpendicular to the leg 
plane PL, with the Z axis in the direction parallel to the axis 
obtained by projecting the Z axis of the body coordinate 
system BC onto the leg plane PL, and with the X axis in the 
direction perpendicular to the Y axis and the Z axis. Inci 
dentally, the XZ plane of the leg coordinate system LC is 
coincident with the leg plane PL. 
0075 Moreover, an element coordinate system is fixedly 
set at each rigid element as indicated by reference characters 
C4 to C9, for example. In this embodiment, the element 
coordinate system C4 of the waist element S4 is defined as 
being coincident with the body coordinate system BC. 
Moreover, the element coordinate systems C6, C5, C7, C8, 
and C9 of the chest element S6, the abdomen element S5, 
each thigh element S7, each crus element S8, and each foot 
element S9 are defined as being three-dimensional coordi 
nate systems (XYZ coordinate systems) whose origins are at 
the center of the upper joint of the upper body JU2, the lower 
joint of the upper body JU1, the knee joint J2, the ankle joint 
J3, and the MP joint J4, respectively. 
0.076 The element coordinate systems C4 to C9 can be 
established with settings of an arbitrary origin or arbitrary 
directions of axes as long as they are fixed to the corre 
sponding rigid element. 
0.077 Subsequently, the rigid link model of the assistive 
apparatus 1 is described below. In this embodiment, the 
coupling structure of the rigid link model of the assistive 
apparatus 1 is the same as that of the rigid link model S1 of 
the person (hereinafter, referred to as the person rigid link 
model S1), having the structure shown in FIG. 4. Therefore, 
the rigid link model of the assistive apparatus 1 is described 
by using FIG. 4. Hereinafter, the rigid link model of the 
assistive apparatus 1 is represented by a reference character 
S1' with parentheses as shown in FIG. 4 and referred to as 
the apparatus rigid link model S1'. 
0078. In this case, the joint elements J1 to J3 of each leg 
section S2 of the apparatus rigid link model S1 correspond 
to the hip joint region 4, the knee joint region 6, and the 
ankle joint region 10 of the assistive apparatus 1, respec 
tively. Moreover, the joint elements JU1 and JU2 of the 
upper body section S3 correspond to joints Supposed on the 
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backbone of the person A in the same manner as for the 
person A. In this embodiment, the joint elements J1 to J3. 
JU1, and JU2 of the apparatus rigid link model S1 are 
assumed to be in the same positions as the joint elements J1 
to J3, JU1, and JU2 of the person rigid link model S1, 
respectively, and the rotations that can be made by the joint 
elements J1 to J3, JU1, and JU2 of the apparatus rigid link 
model S1 are the same as those of the person rigid link 
model S1. 

0079. The rigid elements S4 to S9 of the apparatus rigid 
link model S1 correspond to portions attached to the regions 
of the person corresponding to the rigid elements in the 
assistive apparatus 1. For example, the thigh element S5 of 
the apparatus rigid link model S1' corresponds to a portion 
between the center of the hip joint region 4 and the center of 
the knee joint region 6 of the assistive apparatus 1 (the thigh 
link member 5 and the bands 14, 15 and half bodies of the 
hip joint region 4, the knee joint region 6, the electric motors 
18, 19, and the joint displacement sensors 29, 30). Then, the 
weights and the center of gravity locations (the positions in 
the element coordinate system fixed to the rigid elements, 
respectively) of the rigid elements S4 to S9 of the apparatus 
rigid link model S1 are previously stored in the memory of 
the arithmetic processing unit 23. The weights and the center 
of gravity locations of the rigid elements S3 to S9 of the 
apparatus rigid link model S1 are those of the assistive 
apparatus 1 only (the assistive apparatus 1 detached from the 
person A). 
0080 Since the positions of the joint elements of the 
apparatus rigid link model S1' are the same as those of the 
person rigid link model S1 of the person A in this embodi 
ment, the lengths of the rigid elements S4 to S8 except the 
foot element S9 are assumed to be the same as those of the 
person rigid link model S1. In addition, the body coordinate 
system BC, the leg coordinate system LC, and the element 
coordinate systems C4 to C9 are also assumed to be the same 
in both of the rigid link models S1 and S1'. 
0081 Additionally, the foot element S9 in the apparatus 
rigid link model S1 is assumed to have a structure shown in 
FIG. 5 in this embodiment. In other words, a base S9c 
substantially in the form of flat plate is coupled to the ankle 
joint J3 and support members S9a, S9b in contact with the 
floor are respectively provided on the under surface of the 
front part (the part relatively close to the toe) and the rear 
part (the part relatively close to the heel) of the base S9c. 
Moreover, regarding the foot element S9 of the apparatus 
rigid link model S1’, the positions of the support members 
S9a, S9b (the positions of the bottom edges of the support 
members S9a, S9b) in the element coordinate system C9 of 
the foot element S9 are stored in the memory of the 
arithmetic processing unit 23, instead of the length. 
0082 In this embodiment, the weights of the portions of 
the assistive apparatus 1 corresponding to the abdomen and 
the chest of the person A are sufficiently low in comparison 
with the weights of other portions so as to be substantially 
Zero. Therefore, the upper elements than the waist element 
S4 of the apparatus rigid link model S1 or the lower joint of 
the upper body JU1, the abdomen element S5, the upper 
joint of the upper body JU2, and the chest element S6 may 
be omitted. 

0083. The following describes an outline of processing 
functions of the arithmetic processing unit 23. FIG. 6 is a 
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block diagram schematically showing the entire processing 
functions of the arithmetic processing unit 23. FIG. 7 and 
FIG. 8 are block diagrams showing processing functions of 
the essential parts of the arithmetic processing unit 23. 

0084. The processing functions of the arithmetic process 
ing unit 23 can be roughly classified into as follows: 
person-side joint moment estimation means 41 for sequen 
tially estimating joint moments generated at the joints (the 
ankle joint, the knee joint, and the hip joint) of each leg of 
the person A; apparatus-side joint moment estimation means 
42 for sequentially estimating joint moments generated at 
the joint regions 4, 6, 10 of the assistive apparatus 1: 
apparatus generated torque determination means 43 for 
determining torque (Support torque) to be generated at the 
electric motors 18 to 20 of the assistive apparatus 1 on the 
basis of the joint moments estimated by these estimation 
means 41 and 42; and motor control means 44 for control 
ling the electric motors 18 to 20 to generate the determined 
torque via the motor drive circuit 27. 

0085. As shown in FIG. 7, the person-side joint moment 
estimation means 41 includes: transformation tensor gen 
eration means 51 for generating a transformation tensor for 
use in a coordinate transformation described later on the 
basis of detected outputs of the joint displacement sensor 29 
and the light emitter/receiver 26 in the hip joint region 4; 
two-dimensional leg posture and element center-of-gravity 
location calculation means 52 for calculating positions of the 
joint elements, postures (tilt angles) of the rigid elements, 
and the center of gravity locations of the rigid elements on 
the leg plane PL of the each leg section S2 of the person rigid 
link model S1 on the basis of detected outputs of the joint 
displacement sensors 29, 30, and 31; three-dimensional joint 
and element center-of-gravity location calculation means 53 
for calculating three-dimensional position vector values 
(coordinate component values) in the body coordinate sys 
tem. BC of the joint elements and the centers of gravity of the 
rigid elements of the person rigid link model S1 by using the 
transformation tensor generated by the transformation tensor 
generation means 51 and the positions and postures calcu 
lated by the two-dimensional leg posture and element cen 
ter-of-gravity location calculation means 52, body coordi 
nate system acceleration and angular velocity calculation 
means 54 for calculating values of an acceleration vector 
(translation acceleration) and the angular velocity vector of 
the origin of the body coordinate system BC (coordinate 
component values in the body coordinate system BC) on the 
basis of detected outputs of the acceleration sensor 21 and 
the gyro sensor 22; and body coordinate system tilt angle 
calculation means 55 for calculating a tilt angle relative to 
the vertical direction of the body coordinate system BC on 
the basis of detected outputs of the acceleration sensor 21 
and the gyro sensor 22. The position vector calculated by the 
three-dimensional joint and element center-of-gravity loca 
tion calculation means 53 includes a position vector in the 
body coordinate system BC of the MP joint J4 of the foot 
element S9 of the person rigid link model S1. 

0.086 Moreover, the person-side joint moment estimation 
means 41 includes entire center-of-gravity location calcula 
tion means 56 for calculating a value of the position vector 
of the entire center of gravity (the entire center of gravity of 
the person A) of the person rigid link model S1 in the body 
coordinate system BC by using the position vectors of the 
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centers of gravity of the rigid elements calculated by the 
three-dimensional joint and element center-of-gravity loca 
tion calculation means 53. 

0087 Moreover, the person-side joint moment estimation 
means 41 includes: floor reaction force estimation means 57 
for estimating a value in the body coordinate system BC (a 
coordinate component value) of a floor reaction force vector 
(a translation floor reaction force) acting on each leg of the 
person A by using the position vector value of each ankle 
joint J3 calculated by the three-dimensional joint and ele 
ment center-of-gravity location calculation means 53, the 
position vector value of the entire center of gravity calcu 
lated by the entire center-of-gravity location calculation 
means 56, the acceleration vector value of the origin of the 
body coordinate system BC calculated by the body coordi 
nate system acceleration and angular Velocity calculation 
means 54, and the detected outputs of the landing sensors 32. 
33; and floor reaction force application point estimation 
means 58 for estimating a value in the body coordinate 
system BC of the position vector of the application point of 
the floor reaction vector (hereinafter, simply referred to as 
the floor reaction force application point) acting on each leg 
by using the position vector values of each ankle joint J3 and 
each MP joint J4 calculated by the three-dimensional joint 
and element center-of-gravity location calculation means 53. 
the tilt angle of the body coordinate system BC calculated by 
the body coordinate system tilt angle calculation means 55. 
the position vector value of the entire center of gravity 
calculated by the entire center-of-gravity location calcula 
tion means 56, and the detected outputs of the landing 
sensors 32, 33. 

0088. Furthermore, the person-side joint moment estima 
tion unit 41 includes: leg plane projection means 59 for 
projecting the floor reaction force vector value estimated by 
the floor reaction force estimation means 57, the position 
vector value of the floor reaction force application point 
estimated by the floor reaction force application point esti 
mation means 58, and the acceleration vector and angular 
velocity vector values calculated by the body coordinate 
system acceleration and angular Velocity calculation means 
54 onto the leg plane PL corresponding to each leg by using 
the transformation tensor generated by the transformation 
tensor generation means 51; and a joint moment calculation 
means 60 for calculating estimated values of the joint 
moments acting on the ankle joint, the knee joint, and the hip 
joint of each leg of the person Aby using the values obtained 
by the projection (two-dimensional quantities) and the loca 
tions and the postures calculated by the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52. 

0089 Although the details will be described later, the 
person-side joint moment estimation means 41 sequentially 
performs the arithmetic processing of the aforementioned 
means 51 to 60 each in a predetermined arithmetic process 
ing period and sequentially calculates the estimated values 
of the joint moments finally by using the joint moment 
calculation means 60 in each arithmetic processing period. 
The estimated values of the joint moments calculated here 
are moments generated at the respective joints of each leg of 
the person A on the assumption that the person A makes a 
required motion of each leg by himself without wearing the 
assistive apparatus 1. 
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0090. On the other hand, the apparatus-side joint moment 
estimation means 42 includes: two-dimensional element 
center-of-gravity location calculation means 61 for calcu 
lating the center of gravity locations of the rigid elements of 
each leg section S2 of the apparatus rigid link model S1' on 
the leg plane PL on the basis of the positions of the joint 
elements of each leg section S2 on the leg plane PL 
calculated by the two-dimensional leg posture and element 
center-of-gravity location calculation means 52 of the per 
Son-side joint moment estimation means 41; three-dimen 
sional element center-of-gravity location calculation means 
62 for calculating three-dimensional position vector values 
in the body coordinate system BC of the centers of gravity 
of the rigid elements of the apparatus rigid link model S1 by 
using the center of gravity locations of the rigid elements 
calculated by the two-dimensional element center-of-gravity 
location calculation means 61 and the transformation tensor 
generated by the transformation tensor generation means 51 
of the person-side joint moment estimation means 41; and 
entire center-of-gravity location calculation means 63 for 
calculating a value of the position vector of the entire center 
of gravity (the entire center of gravity of the assistive 
apparatus 1) of the apparatus rigid link model S1 in the body 
coordinate system BC by using the position vector values of 
the centers of gravity of the rigid elements calculated by the 
three-dimensional element center-of-gravity location calcu 
lation means 62. The position vectors calculated by the 
three-dimensional element center-of-gravity location calcu 
lation means 62 include position vectors of the Support 
members S9a, S9b of the each foot element S9 of the 
apparatus rigid link model S1 (See FIG. 5). 
0.091 Moreover, the apparatus-side joint moment estima 
tion means 42 includes: floor reaction force estimation 
means 64 for estimating a value in the body coordinate 
system BC (a coordinate component value) of a floor 
reaction force vector (a translation floor reaction force) 
acting on the each leg section of the assistive apparatus 1 by 
using the position vector values of each ankle joint J3 
calculated by the three-dimensional joint and element cen 
ter-of-gravity location calculation means 53 of the person 
side joint moment estimation means 41, the position vector 
value of the entire center of gravity of the assistive apparatus 
1 calculated by the entire center-of-gravity location calcu 
lation means 63, the acceleration vector values of the origin 
of the body coordinate system BC calculated by the body 
coordinate system acceleration and angular velocity calcu 
lation means 54 of the person-side joint moment estimation 
means 41, and detected outputs of the landing sensors 32. 
33; and floor reaction force application point estimation 
means 65 for estimating a value in the body coordinate 
system BC of the position vector of the application point of 
a floor reaction force vector (the floor reaction force appli 
cation point) acting on the each leg section of the assistive 
apparatus 1 by using the position vector values of the 
support members S9a, S9b of the each foot element S9 of the 
apparatus rigid link model S1 calculated by the three 
dimensional element center-of-gravity location calculation 
means 62, the position vector value of the entire center of 
gravity calculated by the entire center-of-gravity location 
calculation means 63, and detected outputs of the landing 
sensors 32, 33. 
0092. Furthermore, the apparatus-side joint moment esti 
mation means 42 includes: leg plane projection means 66 for 
projecting the floor reaction force vector value estimated by 
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the floor reaction force estimation means 64 and the position 
vector value of the floor reaction force application point 
estimated by the floor reaction force application point esti 
mation means 65 onto the leg plane PL corresponding to 
each leg by using the transformation tensor generated by the 
transformation tensor generation means 51; and joint 
moment calculation means 67 for calculating estimated 
values of joint moments to be generated at the joint regions 
4, 6, and 10 of the assistive apparatus 1 by using the values 
(two-dimensional quantities) obtained by the projection and 
the position vectors (which correspond to the position vec 
tors of the joint elements of the each leg section S2 of the 
apparatus rigid link model S1 in this embodiment) in the leg 
coordinate system LC of the hip joint J1, the knee joint J2, 
and the ankle joint J3 of the each leg section S2 of the person 
rigid link model S1 calculated by the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52. 

0093. Although the details will be described later, the 
apparatus-side joint moment estimation means 42 sequen 
tially performs arithmetic processing of the aforementioned 
means 61 to 67 each in a predetermined arithmetic process 
ing period in parallel with the processing of the person-side 
joint moment estimation means 41 and sequentially calcu 
lates the estimated values of the joint moments finally by 
using the joint moment calculation means 67 in each arith 
metic processing period. The estimated values of the joint 
moments calculated here are moments generated at the joint 
regions 4, 6, and 10 of the assistive apparatus 1 on the 
assumption that the assistive apparatus 1 makes the same 
motion as the required motion of each leg of the person by 
itself. 

0094. The following describes the operation of the appa 
ratus of this embodiment in conjunction with the detailed 
arithmetic processing of the respective means of the arith 
metic processing unit 23. In the following description, 
generally the transformation tensor for coordinate-convert 
ing a vector quantity from a certain coordinate system Cato 
another coordinate system Cb, namely a tensor for convert 
ing a vector quantity represented by a component value of 
the coordinate system Cato a vector quantity represented by 
a component value of the coordinate system Cb is denoted 
by R(Ca->Cb). Furthermore, a position vector of a point P 
or a region P viewed in the coordinate system Ca is denoted 
by U(P/Ca). Still further, a vector A of an applied force, an 
acceleration, or other physical quantity of an object Q or a 
region Q, which is represented by a coordinate component 
value of a certain coordinate system Ca is denoted by 
A(Q/Ca). In this case, when representing a coordinate com 
ponent value in the coordinate system Ca of the position 
vector U(P/Ca) or the physical quantity vector A(Q/Ca), the 
name of each coordinate axis x, y, or Z is added in the 
denotation. For example, the X coordinate component of the 
position vector U(P/Ca) is denoted by U(P/Ca)x. 

0095 Moreover, the element coordinate systems C4 to 
C9 are sometimes referred to as C waist, C abdomen, 
C chest, C thigh, C. crus, and C foot by using the names of 
the regions of the person A corresponding to C4 to C9, 
respectively. It is assumed that the same applies to the rigid 
elements S4 to S9 of the person rigid link model S1 and the 
centers of gravity G4 to G9 of the rigid elements S4 to S9. 
For example, the waist element S4 of the person rigid link 
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model S1 and its center of gravity G4 are sometimes denoted 
by S waist and G waist, respectively. 
0096). Furthermore, the rigid elements S4 to S9 of the 
apparatus rigid link model S1' are sometimes referred to as 
S waist apparatus, S abdomen apparatus, S chest appara 
tus, S thigh apparatus, S crus apparatus, and S foot appa 
ratus, respectively, by using the names of the corresponding 
regions of the person A. It is assumed that the same applies 
to the centers of gravity of the rigid elements S4 to S9 of the 
apparatus rigid link model S1'. For example, the center of 
gravity G4 of the waist element S4 of the apparatus rigid link 
model S1 is sometimes denoted by G waist apparatus. 
0097 Regarding denotations related to the leg of the 
person A or related to the leg section of the assistive 
apparatus 1, “right” or “left” is added in the denotation if the 
difference between right and left need be indicated. For 
example, the right thigh element S7 is sometimes referred to 
as an S right thigh or S right thigh apparatus. 
0098. Moreover, the hip joint J1, the knee joint J2, the 
ankle joint J3, and the MP joint J4 are sometimes referred to 
as J hip, J knee, J ankle, and J MP, respectively. Again, if 
there is a need for indicating the difference between right 
and left, the term “right” or “left” is added in the denotation 
similarly to the above. 
0099. The arithmetic processing unit 23 accepts detected 
outputs of the joint displacement sensors 29, 30, and 31, the 
light emitter/receiver 26, the acceleration sensor 21, and the 
gyro sensor 22 via an A/D converter, which is not shown, 
and accepts detected outputs (ON/OFF signals) of the land 
ing sensors 32, 33 each in a predetermined arithmetic 
processing period. It then performs the arithmetic processing 
of the person-side joint moment estimation means 41 and the 
apparatus-side joint moment estimation means 42 in paral 
lel, first. 
0100. The arithmetic processing of the person-side joint 
moment estimation means 41 is described in detail below. 
First, the arithmetic processing operations of the transfor 
mation tensor generation means 51, the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52, and the three-dimensional joint and element 
center-of-gravity location calculation means 53 are sequen 
tially performed. A rigid element is assumed to mean a rigid 
element of the person rigid link model S1, unless otherwise 
specified, hereinafter until the description of the person joint 
moment estimation means 41 is completed. 
0101 The arithmetic processing of the transformation 
tensor generation means 51 includes generating a transfor 
mation tensor R(LC->BC) for performing a coordinate 
transformation of a vector quantity between the leg coordi 
nate system LC corresponding to each leg plane PL and the 
body coordinate system BC, and transformation tensors 
R(C abdomen->BC) and R(C chest->BC) for performing a 
coordinate transformation of a vector quantity between each 
of the element coordinate system C5 of the abdomen ele 
ment S5 and the element coordinate system C6 of the chest 
element S6 and the body coordinate system BC. 
0102) The transformation tensor R(LC->BC) is deter 
mined from rotation angles around two axes except the 
rotation angle around a rotation axis a29 perpendicular to the 
leg plane PL among the rotation angles around three axes of 
the hip joint detected by the joint displacement sensor 29 of 
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the hip joint region 4. In this embodiment, if the rotation 
angles of the hip joint around two axes except the rotation 
axis a29 perpendicular to the leg plane PL (rotation angles 
accompanying an abduction or adduction and a slewing 
motion of the leg) are determined, the posture relationship 
between the leg coordinate system LC and the body coor 
dinate system BC is integrally determined. Therefore, the 
transformation tensor R(LC->BC) can be obtained from the 
detected values of the rotation angles around two axes 
except the rotation angle around the rotation axis a29 
perpendicular to the leg plane PL out of the rotation angles 
around three axes of the hip joint. Incidentally, the transfor 
mation tensor R(LC->BC) is obtained for each of the right 
and left legs. 

0103) The transformation tensors R(C abdomen->BC) 
and the R(C chest-sBC) are generated as described below. 
First, tilt angles of the abdomen element S5 and the chest 
element S6 relative to the waist element S4 of the person 
rigid link model S1 (more specifically, the tilt angles on the 
sagittal plane (XZ plane) relative to the Z axis direction of 
the body coordinate system BC) are grasped based on the 
detected outputs of the light emitter/receiver 26. Then, the 
transformation tensor R(C abdomen->BC) is determined as 
one having the coordinate system C abdomen tilting on the 
sagittal plane relative to the body coordinate system BC by 
the tilt angle of the abdomen element S5 relative to the waist 
element S4. Similarly, the transformation tensor R(C abdo 
men->BC) is determined as one having the coordinate 
system C chest tilting on the sagittal plane relative to the 
body coordinate system BC by the tilt angle of the chest 
element S6 relative to the waist element S4. 

0.104 More specifically, although measurement has been 
made only for the tilt angles relative to the waist element S4 
of the abdomen element S5 and the chest element S6 caused 
by the rotation around a single axis (around the Y axis of the 
C abdomen and C chest) of the lower joint of the upper 
body JU1 and the upper joint of the upper body JU2 of the 
person rigid link model S1 in this embodiment, it is also 
possible to measure tilt angles around two axes of the 
abdomen element S5 and the chest element S6, supposing 
that the lower joint of the upper body JU1 and the upper joint 
of the upper body JU2 can rotate, for example, around two 
axes (for example, around two axes of the Y axis and the X 
axis of the C abdomen and the C chest). Then, the trans 
formation tensors R(C abdomen->BC) and R(C chest-> 
BC) may be calculated based on the tilt angles around these 
tWO aXeS. 

0105 Incidentally, the transpositions of the aforemen 
tioned transformation tensors R(LC->BC), R(C abdo 
men->BC), and R(C chest-sBC) are transformation tensors 
for performing inverse transformations therefor. Therefore, 
R(BC->LC)=R(LC->BC)", R(BC->C abdomen)=R(C ab 
domen->BC)", R(BC->C chest)=R(C. chest->BC)" (T 
designates a transposition). 

0106. In the arithmetic processing of the two-dimen 
sional leg posture and element center-of-gravity location 
calculation means 52, first, tilt angles 0 thigh, 0 crus, and 
0 foot of the thigh element S7, the crus element S8, and the 
foot element S9 of the person rigid link model S1 are 
respectively calculated from rotation angles around axes 
(rotation axes a29, a30, and a31 in FIG. 2) perpendicular to 
the leg plane PL of the hip joint, the knee j, and the ankle 
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joint of the leg, which are grasped from the detected outputs 
of the joint displacement sensors 29 to 31 of each leg. Note 
here that the tilt angles 0 thigh, 0 crus, and 0 foot are those 
relative to the Z axis direction of the leg coordinate system 
LC related to the leg plane PL. The 0 thigh, 0 crus, and 
0 foot are also tilt angles of the thigh element S7, the crus 
element S8, and the foot element S9 of the apparatus rigid 
link model S1", respectively. 
0107 Specifically, as shown in FIG. 9, supposing that the 
detected rotation angles of the hip joint, the knee joint, and 
the ankle joint (the rotation angles around the axis perpen 
dicular to the leg plane PL (=the XZ plane of the leg 
coordinate LC) from the reference posture condition) are 
0 hip, O knee, and 0 ankle, the 0 thigh, 0 crus, and 0 foot 
are calculated in order by the following formulas (1a) to 
(1c), respectively: 

0 thigh=-0 hip 

0 crus=0 thigh--0 knee 
0 foot=0 crus-0 ankle--90° 

(1a) 
(1b) 
(1c) 

where 0 hip>0, 6 knee>0, and 0 ankle>0, while 0 thigh-1, 
0 crus0>0, and 0 footz0. In addition, the calculations of 
0 thigh, 0 crus, and 0 foot are performed for each of the leg 
sections individually. 

0108. The tilt angles 0 thigh, 0 crus, and 0 foot calcu 
lated as described above are assumed to indicate the posture 
on the leg plane PL corresponding to the leg section S2 of 
the rigid elements of each of the leg sections S2 of the 
person-side and apparatus-side rigid link models S1, S1'. 
0109 Subsequently the positions on the XZ plane of the 
leg coordinate system LC, in other words, on the leg plane 
PL of the joint elements of the each leg section S2 are 
calculated by using 0 thigh, 0 crus, and 0 foot calculated 
as described above and the lengths of the rigid elements of 
the each leg section S2 of the person rigid link model S1 
previously stored in the memory of the arithmetic processing 
unit 23. Specifically, the position vectors U(J hip/LC), 
U(J knee/LC), U(J ankle/LC), and U(J MP/LC) in the leg 
coordinate system LC of the joint elements J hip (J1), 
J knee (J2), J ankle (J3), and J MP (J4) of the each leg 
section S2 are sequentially calculated in order by the for 
mulas (2a) to (2d) shown below, respectively. In this con 
dition, all of the positions of J hip, J knee, Jankle, and 
J MP in the Y-axis direction of the leg coordinate system LC 
(in the direction of a normal line of the leg plane PL), 
namely, the Y coordinate components in the leg coordinate 
system LC of J hip, J knee, J ankle, and J MP are assumed 
to be Zero. In other words, all of J hip, J knee, J ankle, and 
J MP are assumed to be movable only on the leg plane PL 
in this embodiment. 

0110. In the above, L7, L8, and L9 in the formulas (2b), 
(2c), and (2d) are the lengths of the thigh element S7, the 
crus element S8, and the foot element S9 and they are 
previously stored in the memory of the arithmetic processing 
unit 23 as described above. The vectors of the second term 
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in the right-hand side of the formulas (2b) to (2d) mean the 
position vector of the knee joint J2 viewed from the hip joint 
J1, the position vector of the ankle joint J3 viewed from the 
knee joint J2, and the position vector of the MP joint J4 
viewed from the ankle joint J3, respectively. In this regard, 
a pair of the X coordinate component and the Z coordinate 
component of each of the position vectors U(J hip/LC), 
U(J knee/LC), U(J ankle/LC), and U(J MP/LC) calculated 
by the formulas (2a) to (2d) represents a two-dimensional 
position on the leg plane PL. More specifically, the position 
vectors U(J hip/LC), U(J knee/LC), and U(J ankle/LC) are 
also two-dimensional position vectors on the leg plane PL of 
the joint elements of the each leg section S2 of the appara 
tus-side rigid link model S1'. 
0.111) Moreover, the position vectors in the leg coordinate 
system LC of the centers of gravity of the rigid elements of 
the each leg section S2 are calculated by using the position 
vectors of the joint elements calculated as described above 
by the formulas (2a) to (2d). More specifically, position 
vectors U(G thigh/LC), U(G crus/LC), and U(G foot/LC) 
of the centers of gravity G thigh (G7), G crus (G8), and 
G foot (G9) of the thigh element S7, the crus element S8, 
and the foot element S9 of the each leg section S2 are 
respectively calculated by the following formulas (3a) to 
(3.c): 

0112) In the above, R(C thigh->LC), R(C. crus->LC), 
and R(C foot->LC) in the formulas (3a) to (3.c) are respec 
tively a transformation tensor from the thigh coordinate 
system C thigh (C7) to the leg coordinate system LC, a 
transformation tensor from the crus coordinate system 
C crus (C8) to the leg coordinate system LC, and a trans 
formation tensor from the foot coordinate system C foot 
(C9) to the leg coordinate system LC, and they are deter 
mined by using the previously calculated 0 thigh, 0 crus, 
and 0 foot, respectively. In addition, U(G thigh/C thigh), 
U(G crus/C crus), and U(G foot/C foot) are position vec 
tors of the centers of gravity of the rigid elements repre 
sented in the element coordinate system of the rigid ele 
ments, and they are previously stored in the memory of the 
arithmetic processing unit 23 as described above. 
0113 A pair of the X coordinate component and the Z 
coordinate component of each of the position vectors 
U(G thigh/LC), U(G crus/LC), and U(G foot/LC) calcu 
lated by the above formulas (3a) to (3.c) represents a two 
dimensional position on the leg plane PL. The above is the 
arithmetic processing of the two-dimensional leg posture 
and element center-of-gravity location calculation means 52. 
0114 Subsequently, in the arithmetic processing of the 
three-dimensional joint and element center-of-gravity loca 
tion calculation means 53, the position vectors in the body 
coordinate system BC of the joint elements and the centers 
of gravity of the rigid elements of the person rigid link 
model S1 are calculated by using the transformation tensor 
obtained by the transformation tensor generation means 51 
and the positions of the joint elements and the centers of 
gravity of the rigid elements of the each leg section S2 
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obtained by the two-dimensional leg posture and element 
center-of-gravity location calculation means 52. 
0115 The position vectors of the joint elements are 
calculated as described below. The following describes the 
calculation of the position vectors of the joint elements J1. 
J2 and J3 of the left leg section S2, for example. First, 
Supposing that L4a is the length of the line segment between 
the centers of the both hip joints J1 J1 of the waist element 
S4, the position vector U(J left hip/BC) of the left hip joint 
J1 in the body coordinate system BC is given by the 
following formula (4a): 

0116 Furthermore, position vectors U(J left knee/BC), 
U(J left ankle/BC), and U(J left MP/BC) of the left knee 
joint J2, the left ankle joint J3, and the left MP joint J4 in the 
body coordinate system BC are found in order by the 
following formulas (4b) to (4d), using the transformation 
tensor R(LC->BC) and the position vectors U(J left knee/ 
LC), U(J left ankle/LC), and U(J left MP/LC) in the leg 
coordinate system LC (left LC) corresponding to the left leg 
section S2: 

The position vectors in the body coordinate system BC of 
the joint elements of the right leg section S2 can be found in 
the same manner as for the above. 

0117 Moreover, position vectors U(JU1/BC) and U(JU2/ 
BC) in the body coordinate system BC of the lower joint of 
the upper body JU1 and the upper joint of the upper body 
JU2 of the upper body section S3 are calculated in order by 
using the following formulas (5a) and (5b): 

L5)T (5b) 

0118. In the above, L4b in the formula (5a) is the length 
from the midpoint of the line segment between the both hip 
joints J1 J1 to the center of the lower joint of the upper body 
JU1 and L5 in the formula (5b) is the length of the abdomen 
element S5. These lengths are previously stored in the 
arithmetic processing unit 23 as described above. 
0119) The position vectors in the body coordinate system 
BC of the centers of gravity of the rigid elements are 
calculated as described below. Specifically, the position 
vectors U(G thigh/BC), U(G crus/BC), and U(G foot/BC) 
in the body coordinate system BC of the respective centers 
of gravity of the thigh element S7, the crus element S8, and 
the foot element S9 are found by calculating the formula in 
which U(J left knee/LC) in the right-side hand of the 
formula (4b) is replaced with the position vector U(G thigh/ 
LC), U(G crus/LC), or U(G foot/LC) of the center of 
gravity of the thigh element S7, the crus element S8, or the 
foot element S9 calculated by the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52. The position vectors in the body coordinate 
system BC of the G thigh, G crus, and G foot are calcu 
lated for each of the leg sections S2 individually. 
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0.120. In addition, a position vector U(G waist/BC) of the 
center of gravity G4 of the waist element S4 is found from 
the position vector U(G waist/C waist) of the center of 
gravity G waist in the previously-stored waist coordinate 
system C waist (C4) by the following formula (6): 

C waist) (6) 

where R(C waist->BC) is a transformation tensor from the 
waist coordinate system C waist to the body coordinate 
system BC. In this embodiment, the C waist is equivalent to 
the body coordinate system BC and therefore R(C waist-> 
BC) is represented by an identity matrix of order 3. There 
fore, U(G waist/C waist) is obtained directly as U(G waist/ 
BC). 
0121 Moreover, the position vectors U(G abdomen/BC) 
and U(G. chest/BC) in the body coordinate system BC of the 
centers of gravity G5 and G6 of the abdomen element S5 and 
the chest element S6 are found by the following formulas (7) 
and (8), using the transformation tensor R(C abdomen-> 
BC) and R(C chest-sBC) obtained by the transformation 
tensor generation means 51, the position vector U(G abdo 
men/C abdomen) of the center of gravity of the abdomen 
element S5 in the previously-stored abdomen coordinate 
system C abdomen (C5), and the position vector 
U(G. chest/C chest) of the center of gravity of the chest 
element S6 in the chest coordinate system C chest (C6): 

BC), U(G abdomen C abdomen) (7) 

BC), U(G chest C chest) (8) 

0122) Incidentally, U(JU1/BC) and U(JU2/BC) have 
been found by the aforementioned formulas (5a) and (5b). 
0123 The above is the arithmetic processing of the 
three-dimensional joint and element center-of-gravity loca 
tion calculation means 53. The position vectors of the joint 
elements and those of the centers of gravity of the rigid 
elements calculated by the three-dimensional joint and ele 
ment center-of-gravity location calculation means 53 have 
meanings of position vectors viewed in the body coordinate 
system BC of the actual regions of the person A correspond 
ing to them. 
0.124. The person-side joint moment estimation means 41 
performs the arithmetic processing of the body coordinate 
system acceleration and angular Velocity calculation means 
54 and the body coordinate system tilt angle calculation 
means 55 in parallel with the arithmetic processing of the 
transformation tensor generation means 51, the two-dimen 
sional leg posture and element center-of-gravity location 
calculation means 52, and the three-dimensional joint and 
element center-of-gravity location calculation means 53 
described above. 

0.125. In the arithmetic processing of the body coordinate 
system acceleration and angular Velocity calculation means 
54, a value in the body coordinate system BC (coordinate 
component value) of the acceleration vector of the origin of 
the body coordinate system BC is found as described below 
from the 3-axis acceleration (translation acceleration) 
grasped from detected outputs of the acceleration sensor 21 
and the 3-axis angular velocity grasped from detected out 
puts of the gyro sensor 22. First, the acceleration and the 
angular Velocity respectively detected by the sensors 21 and 
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22 are vector quantities represented by the 3-axis coordinate 
system fixed to the sensors 21 and 22 (hereinafter, referred 
to as the sensor coordinate system SC or C sensor) and 
therefore they are transformed into a value in the body 
coordinate system BC. The transformation is performed by 
multiplying the acceleration vector and the angular velocity 
vector detected in the sensor coordinate system SC by a 
transformation tensor preset according to the relative attach 
ment positional relationship (the relative posture relation 
ship of the C sensor to C4 (=BC)) of the acceleration sensor 
21 and the gyro sensor (angular velocity sensor) 22 to the 
waist of the person A. In other words, Supposing that: a 
detected value of the acceleration vector in the sensor 
coordinate system SC is ACC (sensor/SC); an acceleration 
vector obtained by transforming it into the body coordinate 
system BC is ACC(sensor/BC); a detected value of the 
angular velocity vector in the sensor coordinate system SC 
is ()(sensor/SC); and an angular velocity vector obtained by 
transforming it into the body coordinate system BC is 
()(sensor/BC), the acceleration vector ACC(sensor/BC) and 
the angular velocity vector ()(sensor/BC) are found by the 
formulas (9) and (10) described below, respectively. In this 
regard, ACC(sensor/BC) and ()(sensor/BC) are more spe 
cifically an acceleration vector and an angular Velocity 
vector at the places of the acceleration sensor 21 and the 
gyro sensor 22. In this example, it is assumed that the places 
of the acceleration sensor 21 and the gyro sensor 22 are 
substantially coincident with each other and that the sensor 
coordinate system SC is the same for the both sensors 21 and 
22. 

ACC(sensor? BC)=R(SC->BC). ACC(sensor/SC) (9) 

()(sensor BC)=R(SC->BC) ()(sensoriSC) (10) 

0126. In the above, the transformation tensor R(SC->BC) 
is determined from the relative posture relationship between 
the sensor coordinate system SC and the body coordinate 
system BC (more specifically, the tilt angle of each axis of 
the sensor coordinate system SC to each axis of the body 
coordinate system BC) and it is previously stored in the 
memory of the arithmetic processing unit 18 when the 
assistive apparatus 1 is put on the person A. Additionally 
describing, the acceleration sensor 21 or the gyro sensor 22 
may be attached to the region other than the waist of the 
person A (a rigid equivalent part corresponding to one of the 
rigid elements of the person rigid link model S1). In this 
instance, to acquire the acceleration vector ACC(sensor/BC) 
or the angular velocity vector () (sensor/BC), the detected 
value in the sensor coordinate system SC is transformed to 
a value in the element coordinate system of the rigid element 
to which the acceleration sensor 21 or the gyro sensor 22 is 
attached, and then it is transformed to a value in the body 
coordinate system BC by using the transformation tensor. 
The transformation tensor in this instance is determined 
based on a detected value of a displacement (rotation angle) 
of the joint element between the rigid element to which the 
acceleration sensor 21 or the gyro sensor 22 is attached and 
the waist element S4. 

0127. In the arithmetic processing of the body coordinate 
system acceleration and the angular velocity calculation 
means 55, the acceleration vector ACC(sensor/BC) and the 
angular velocity vector () (sensor/BC) are found as described 
above and thereafter an acceleration vector ACC(BCO/BC) 
of the origin of the body coordinate system BC is found by 
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the formula (11) below. The symbol “BCO represents the 
origin of the body coordinate system BC. 

Eq. 1 

O U (sensor fBC)x U (sensor fBC)x 
U(sensor? BC)y O U(sensor? BC)y x 
U (sensor? BC), U(sensor fBC): O 

0128. In the formula (11), U(sensor/BC) is a position 
vector of the acceleration sensor 21 and the gyro sensor 22 
in the body coordinate system BC and U(sensor/BC)x, 
U(sensor/BC)y, and U(sensor/BC)Z are coordinate compo 
nent values in the body coordinate system BC of U(sensor/ 
BC) according to the aforementioned definition of the nota 
tion method of a coordinate component value of a vector in 
this specification. U(sensor/BC) is measured when the assis 
tive apparatus 1 is put on the person A and stored in the 
memory of the arithmetic processing unit 23. In addition, 
()(sensor/BC)x, ()(sensor/BC)y, and () (sensor/BC)Z are 
coordinate component values of the angular velocity vector 
()(sensor/BC) previously obtained. Furthermore, ()(sensor/ 
BC)' indicates a first derivative of ()(sensor/BC) and the 
value is calculated from time series data of ()(sensor/BC) 
found by the aforementioned formula (10) for each arith 
metic processing period of the arithmetic processing unit 23. 
0129. Moreover, the angular velocity is identical in any 
portion within the waist element S4, and the angular velocity 
(O(BCO/BC) of the origin BCO of the body coordinate 
system BC fixed to the waist element S4 is equal to 
co(sensor/BC) Therefore, ()(BCO/BC) ()(sensor/BC). 
0130 ACC(BCO/BC) found by the aforementioned for 
mula (11) is a vector equal to an output value of the 
acceleration sensor 21 (a detected acceleration value) under 
the condition where the acceleration sensor 21 is set at the 
origin of the body coordinate system BC and the direction of 
the axis of the acceleration sensor 21 is matched with the 
body coordinate system BC. 
0131 Since the acceleration sensor 21 also detects an 
acceleration accompanying the gravity, the acceleration vec 
tor ACC(BCO/BC) obtained as described above includes an 
inertial acceleration component caused by the gravity. More 
over, while the acceleration vector ACC(BCO/BC) of the 
origin BCO of the body coordinate system BC has been 
found in consideration of the angular speed of the waist 
element S4 in this embodiment, the angular speed of the 
waist element S4 and its rate of change are relatively low 
and therefore ACC(sensor/BC), which has been found by the 
aforementioned formula (9), may be used as an acceleration 
vector ACC(BCO/BC) of the origin BCO of the body 
coordinate system BC directly. 
0.132. In the arithmetic processing of the body coordinate 
system tilt angle calculation means 55, a tilt angle of the 
waist element S4 (a tilt angle of the Z axis of the body 
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coordinate system BC) relative to the vertical direction (the 
gravity direction) is calculated by using a so-called Kalman 
filter from detected outputs of the acceleration sensor 21 and 
the gyro sensor 22. The calculation method is already known 
and therefore its description is omitted here. The tilt angle 
calculated here is around two axes, namely, the horizontal 
axis in the forward/backward direction and the horizontal 
axis in the right/left direction. 
0133) Subsequently, the person-side joint moment esti 
mation means 41 performs the arithmetic processing of the 
entire center-of-gravity location calculation means 56. In the 
arithmetic processing of the entire center-of-gravity location 
calculation means 56, a position vector U(G. entire/BC) in 
the body coordinate system BC of the entire center of gravity 
of the person rigid link model S1 (the entire center of gravity 
of the person A, hereinafter referred to as G entire in some 
cases) is found by the formula (12) shown below, from the 
centers of gravity location of the rigid elements (the position 
vectors in the body coordinate system BC) found by the 
three-dimensional joint and element center-of-gravity loca 
tion calculation means 53 and the weights of the rigid 
elements set as described above. 

U(G entire/BC)={U(G chest BC}xm chest+U(Gab 
domen. BC)xm abdomen--U(G waist BC)xm waist 
U(G right thigh. BC)xm right thigh--U(G left thigh 
BC)xm left thigh--U(G right crus? BC)xm right crus+ 
U(G left crust BC)xm left crus+U(G right foot BC)x 
m right foot-i-U(G left foot BC)xleft foot ?entire 
weight (12) 

0134) The term “m Such as m chest is a weight of 
a rigid element corresponding to the name of and thus 
the weight does not include the weight of the assistive 
apparatus 1. As shown by the formula (12), the position 
vector of the entire center of gravity U(G. entire/BC) is 
found by dividing the total sum of the products of the 
position vector in the body coordinate system BC of the 
center of gravity of the each rigid element of the person rigid 
link model S1 and the weight of the rigid element concerned 
by the entire weight of the person A (more specifically, the 
entire weight of the person A with the assistive apparatus 1 
removed from the person A, which is equal to the total Sum 
of the weights of all the rigid elements of the person rigid 
link model S1). 
0135 Subsequently, the person-side joint moment esti 
mation means 41 performs calculation processing of the 
floor reaction force estimation means 57 and of the floor 
reaction force application point estimation means 58. In the 
arithmetic processing of the floor reaction force estimation 
means 57, it is determined first whether the motion state of 
the person A is a double Support state in which both legs are 
landing (both of the foot orthosis portions 12, 12 of the 
assistive apparatus 1 are in contact with the ground), a single 
Support state in which only one of the legs is landing (only 
one foot orthosis portion 12 of the assistive apparatus 1 is in 
contact with the ground), or a state in which no legs are 
landing, on the basis of detected outputs of the landing 
sensors 32, 33. In other words, if one of the landing sensors 
32 and 33 of one leg outputs an ON signal indicating the 
presence of landing of the leg and one of the landing sensors 
32 and 33 of the other leg outputs an ON signal indicating 
the presence of landing of the leg, it is determined that the 
person A is in the double support state. Moreover, if one of 
the landing sensors 32 and 33 of one of the legs outputs the 
ON signal indicating the presence of landing of the leg and 
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neither of the landing sensors 32 and 33 of the other leg 
outputs the ON signal, it is determined that the person A is 
in the single Support state. Then, in the processing of the 
floor reaction force estimation means 57, a floor reaction 
force vector acting on each leg of the person A is estimated 
according to the arithmetic processing for each thereof 
according to whether the person A is in the double Support 
state or in the single Support state. Incidentally, if neither of 
the landing sensors 32 and 33 of both legs outputs the ON 
signal, no legs are landing. If so, naturally the floor reaction 
force vector acting on each leg is Zero. 
0.136 Although the basic idea of the estimation process 
ing of the floor reaction force vector is the same as Japanese 
Patent Laid-Open No. 2003-89083 or other publications that 
the present applicant has suggested earlier, in this embodi 
ment mainly the coordinate systems and the like for use in 
the estimation processing differ from those of the techniques 
described in the same gazette or the like. It is described 
below with reference to FIG. 10 and FIGS. 11(a), (b). FIG. 
10 illustrates the single support state of the person A viewed 
on the sagittal plane, and FIG.11(a), (b) illustrate the double 
Support states viewed on the Sagittal plane and on the frontal 
plane. In these FIG. 10 and FIG. 11, the person A is typified 
and represented in the form of the person rigid link model 
S1. As shown in FIG. 10, if the motion state of the person 
A is the single Support state, the floor reaction force vector 
Frf(right leg/BC) acting on the landing leg (it is assumed 
here to be the right leg, for example), in other words, the 
floor reaction force vector acting on the right leg represented 
by a coordinate component value in the body coordinate 
system BC is calculated by the following formula (13) 
representing an equation of motion related to the transla 
tional motion in the body coordinate system BC of the entire 
center of gravity G entire: 

Fiftright leg? BC)=Entire weightx(ACC(BCO/BC)+ 
U(G entire/BC)") (13) 

0.137 In the above, U(G. entire/BC)" is a second deriva 
tive of the position vector in the body coordinate system BC 
of the entire center of gravity G entire and is calculated 
from the time series data of the position vector U(G. entire/ 
BC) of the entire center of gravity G calculated by the entire 
center-of-gravity location calculation means 56 in each 
arithmetic processing period of the arithmetic processing 
unit 23. The U(G. entire/BC)" denotes a relative acceleration 
of the entire center of gravity G entire to the origin of the 
body coordinate system BC. Furthermore, the “entire 
weight” in the formula (13) is the entire weight of the person 
A (the entire weight of the person rigid link model S1) in the 
state where the person A is not wearing the assistive appa 
ratus 1. Moreover, ACC(BCO/BC) is an acceleration vector 
of the origin BCO of the body coordinate system BC 
calculated by the body coordinate system acceleration and 
angular velocity calculation means 54. The acceleration 
vector ACC(BCO/BC) plus U(G. entire/BC)" denotes an 
actual acceleration of the entire center of gravity G entire. 
Therefore, the floor reaction force vector Frf(right leg/BC) 
is calculated by the formula (13) from the time series data of 
the position vector of the G entire calculated by the entire 
center-of-gravity location calculation means 56, the accel 
eration vector ACC(BCO/BC) of the origin of the body 
coordinate system BC calculated by the body coordinate 
system acceleration and angular Velocity calculation means 
54, and the entire weight of the person A (the entire weight 
of the person rigid link model S1). Also when the left leg is 
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landing, the floor reaction force vector Frf(left leg/BC) is 
calculated by the calculation of the right-hand side of the 
formula (13) similarly in the single Support state. In this 
case, ACC(BCO/BC) includes the inertial acceleration com 
ponent caused by the gravity as described above and the 
floor reaction force vector Frf is represented by the body 
coordinate system BC. Therefore, there is no need to con 
sider the gravitational acceleration or its direction. The floor 
reaction force vector Frfacting on the leg not landing is Zero. 
While the Z axis of the body coordinate system BC is taken 
in the vertical direction for convenience of the illustration in 
FIG. 10, the formula (13) does not depend on the gradient of 
the body coordinate system BC. 

0138. On the other hand, as shown in FIGS.11(a), (b), in 
the double support state, the floor reaction force vector 
Frf(right leg/BC) acting on the right leg of the person A and 
the floor reaction force vector Frf(left leg/BC) acting on the 
left leg are calculated based on the following five relational 
expressions (14) to (18): 

Frfright leg? BC)+Fifleft leg? BC)=Entire weightx 
(ACC(BCO/BC)+U(G entire/BC)") (14) 

0.139. Describing the meanings of these formulas (14) to 
(18) here, the formula (14) represents an equation of motion 
related to the translational motion in the body coordinate 
system BC of the entire center of gravity G entire of the 
person A, in which the right-hand side thereof is the same as 
the right-hand side of the formula (13). Moreover, as shown 
in FIGS. 11(a), (b), the formulas (15) to (18) are geometric 
relational expressions obtained on the assumption that the 
floor reaction force vector Frf(right leg/BC) and the floor 
reaction force vector Frf(left leg/BC) are vectors each start 
ing from the ankle joint J2 of the right leg or the ankle joint 
J3 of the left leg toward the entire center of gravity G entire, 
in other words, on the assumption that the direction of the 
floor reaction force vector Frf and the direction of the 
position vector of G entire viewed from the ankle joint J3 
are coincident with each other. In this condition, the formu 
las (15) and (16) are relational expressions viewed on the 
Sagittal plane (the XZ plane in the body coordinate system 
BC), and the formulas (17) and (18) are relational expres 
sions viewed on the frontal plane (the YZ plane in the body 
coordinate system BC). While the Z axis of the body 
coordinate system BC is taken in the vertical direction for 
convenience of the illustration in FIG. 11, the formulas (14) 
to (18) do not depend on the gradient of the body coordinate 
system BC. 

0140. To find the floor reaction force vectors Frf(right 
leg/BC) and Frf(left leg/BC) in the double support state, 
Frf(right leg/BC) and Frf(left leg/BC) are calculated by 
Solving a simultaneous equation composed of the aforemen 
tioned formulas (14) to (18) with the coordinate component 
values of these vectors defined unknowns. More specifically, 
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Frf(right leg/BC) and Frf(left leg/BC) are calculated from 
the time series data of the position vector of G entire 
calculated by the entire center-of-gravity location calcula 
tion means 56, the acceleration vector ACC(BCO/BC) of the 
origin of the body coordinate system BC calculated by the 
body coordinate system acceleration and angular Velocity 
calculation means 54, the entire weight of the person A (the 
entire weight of the person A not including the assistive 
apparatus 1), and U(J right ankle/BC) and U(J left ankle/ 
BC) calculated by the three-dimensional joint and element 
center-of-gravity location calculation means 53. In this 
manner, the floor reaction force vectors Frf(right leg/BC) 
and Frf(left leg/BC) in the double support state are calcu 
lated based on the relational expressions (14) to (18) 
described in the body coordinate system BC in this embodi 
ment. 

0.141. The Z-axis components of Frf(right leg/BC) and 
Frf(left leg/BC) can be found by using either the formulas 
(15), (16) related to the sagittal plane or the formulas (17), 
(18) related to the frontal plane. Moreover, while there have 
been used the formulas (15) to (18) supposing that the floor 
reaction force vector Frf(right leg/BC) and the floor reaction 
force vector Frf(left leg/BC) are vectors each starting from 
the ankle joint J1 of the right leg or the ankle joint J1 of the 
left leg toward the entire center of gravity G entire in this 
embodiment, it is also possible to use the position (the 
position in the body coordinate system BC) of the neigh 
boring point where there is each ankle joint J1 or the position 
(the position in the body coordinate system BC) of the floor 
reaction force application point of each leg calculated as 
described later, instead of U(J right ankle/BC) and U(J left 
ankle/BC) of the formulas (15) to (18). 
0142. In the arithmetic processing of the floor reaction 
force application point estimation means 58, a transforma 
tion tensor R(BC->IC) from the body coordinate system BC 
to an absolute coordinate system IC is generated, first, based 
on the tilt angle to the vertical direction of the waist element 
S4 calculated by the body coordinate system tilt angle 
calculation means 55. Note here that the absolute coordinate 
system IC is a rectangular coordinate system whose Z axis 
is taken in the vertical direction and the body coordinate 
system BC and whose coordinate axes are oriented in the 
same directions as those of the body coordinate system BC 
in the reference posture condition. The transformation tensor 
R(IC->BC) from the absolute coordinate system IC to the 
body coordinate system BC is a transposition R(BC->IC)" 
of the transformation tensor R(BC->IC). In addition, when 
performing a leg motion in which the tilt angle relative to the 
vertical direction of the waist element S4 is substantially 
constant, the above transformation tensor R(BC->IC) is 
roughly constant, and therefore it may be previously stored 
in the memory of the arithmetic processing unit 23. 
0.143 Subsequently, the position vector U(G. entire/BC) 
of the entire center of gravity G entire previously found by 
the entire center-of-gravity location calculation means 56 
and the respective position vectors U(J ankle/BC) and 
U(JMP/BC) of the ankle joint J3 and the MP joint J4 of the 
each leg section S2 previously found by the three-dimen 
sional joint and element center-of-gravity location calcula 
tion means 53 are each multiplied by the transformation 
tensor R(BC->IC) by using the above transformation tensor 
R(BC->IC), thereby achieving the calculations of the posi 
tion vectors U(G. entire/IC), U(J ankle/IC), and U(J MP/ 
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IC) viewed in the absolute coordinate system IC of the entire 
center of gravity G entire, the ankle joint J3, and the MP 
joint J4. These position vectors U(G. entire/IC), U(J ankle/ 
IC), and U(J MP/IC) are those in the absolute coordinate 
system IC having the same origin as of the body coordinate 
system BC. Regarding the leg determined not to be landing 
on the basis of detected outputs of the landing sensors 32, 
33, there is no need to calculate the position vectors 
U(J ankle/IC) and U(JMP/IC). 
0144. Subsequently, for each leg determined to be land 
ing on the basis of detected outputs of the landing sensors 
32, 33, the X-axis component and the Y-axis component of 
the position vector (the position vector in the absolute 
coordinate system IC) U(COP/IC) of the floor reaction force 
application point are determined according to the magnitude 
relation of the X-axis direction components U(G. entire/ 
IC)x, U(J ankle/IC)x, and U(J MP/IC)x of the position 
vectors U(G. entire/IC), U(J ankle/IC), and U(JMP/IC), in 
other words, according to the relative horizontal positional 
relationship in the forward/backward direction of the entire 
center of gravity G entire, the ankle joint J3, and the MP 
joint. J4. This determination method is described in more 
detail below by referring to FIGS. 12(a) to (c) and FIG. 13. 
Note here that the left leg 2 is assumed to be landing in the 
description below. FIGS. 12(a) to (c) illustrate states in 
which the left leg of the person A is landing (the single 
Support state in these diagrams), viewed on the Sagittal 
plane. FIG. 13 shows a plan view of the foot of the landing 
leg in the state of FIG. 12(b). In FIG. 12 and FIG. 13, the 
person A is typically shown in the form of a rigid link model 
S1. 

0145 As shown in FIG. 12(a), if the entire center of 
gravity G entire is more forward than the MP joint J4 of the 
landing left leg, in other words, if U(G. entire/IC)x>U(J left 
MP/IC)x, the foot S9 of the left leg is landing with the leg 
braced mainly in the toe-side portion. In this case, the floor 
reaction force application point COP exists substantially just 
under the MP joint J4 of the foot. Therefore, in this case, it 
is assumed that the X- and Y-axis components of the position 
vector U(left COP/IC) of the floor reaction force application 
point COP are equal to the X- and Y-axis components of the 
position vector U(J left MP/IC) of the MP joint J4, respec 
tively. In other words, it is assumed that U(left COP/IC)x= 
U(J left MP/IC)x and U(left COP/IC)y=U(J left MP/IC)y. 

0146 Moreover, as shown in FIG. 12(c), if the entire 
center of gravity G entire is more backward than the ankle 
joint J3 of the landing left leg, in other words, if U(G. entire/ 
IC)x<U(J left ankle/IC)x, the foot S9 of the left leg is 
landing with the leg braced mainly in the heel-side portion. 
In this case, the floor reaction force application point COP 
exists substantially just under the ankle joint 13 of the left 
leg. Therefore, in this case, it is assumed that the X- and 
Y-axis components of the position vector U(left COP/IC) of 
the floor reaction force application point COP are equal to 
the X- and Y-axis components of the position vector U(J left 
ankle/IC) of the ankle joint J3, respectively. In other words, 
U(left COP/IC)x=U(J left ankle/IC)x and U(left COP/IC)y 
U(J left ankle/IC)y. 

0147 Moreover, as shown in FIG. 12(b), if the entire 
center of gravity G entire exists between the ankle joint J3 
of the left leg and the MP joint J4 in the forward/backward 
direction, in other words, if U(J left MP/IC)xs U(G. entire/ 
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IC)Xs U(J left ankle/IC)x, the floor reaction force applica 
tion point COP exists substantially just under the entire 
center of gravity G entire on the shown Sagittal plane. 
Therefore, in this case, it is assumed that the X-axis com 
ponent of the position vector U(left COP/IC) of the floor 
reaction force application point COP is equal to the X-axis 
component of the entire center of gravity G entire. In other 
words, it is assumed that U(right and left COP/IC)x= 
U(G. entire/IC)x. Then, the position of the floor reaction 
force application point COP is thought to be generally on a 
line segment generated by projecting the line segment 
between the center of the ankle joint J3 and the center of the 
MP joint J4 onto the floor surface. Accordingly, it is assumed 
that the Y-axis component of the position vector U(right 
COP/IC) of the floor reaction force application point COP is 
equal to the Y-axis component of a point P where the value 
of the entire center of gravity G entire is equal to the value 
of the X-axis component (the X-axis component in the 
absolute coordinate system IC) on the line segment between 
the center of the ankle joint J3 and the center of the MP joint 
J4 of the left leg as shown in FIG. 13. The value of the Y-axis 
component of the position vector U(left COP/IC) is found 
based on the following formula (19) indicating the propor 
tional relation: 

0148 Moreover, it is assumed that the Z-axis component 
of the position vector U(left COP/IC) of the floor reaction 
force application point is equal to the Z-axis component of 
the point, which is a predetermined value H0 (>0) away 
from the ankle joint J3 of the left leg downward in the 
vertical direction. In other words, it is assumed that U(left 
COP/IC)Z=U(J left ankle/IC)Z-H0. In this regard, the pre 
determined value H0 is a distance in the vertical direction 
from the floor surface to the center of the ankle joint J3 in 
the reference posture condition (more accurately, in the State 
where the almost entire bottom face of the foot orthosis 
portion 12 on the under surface of the foot S3 is put in 
contact with the horizontal floor surface), and it is previously 
measured and stored in the memory of the arithmetic pro 
cessing unit 23. While the predetermined value H0 may be 
measured for each of the right and left legs individually, a 
value measured for one of the legs may be used for the both 
right and left legs in common. 

0149. In this embodiment, we can obtain the position 
vector U(left COP/IC) of the floor reaction force application 
point of the floor reaction force vector Frfacting on the left 
leg when the left leg is landing, as described hereinabove. 
The same applies to the right leg when it is landing. In this 
instance, in the double Support state, the position vector of 
the floor reaction force application point is found as 
described above for each of the both legs. 

0150. In this embodiment, the predetermined value H0 
for use in finding the Z-axis component of the position 
vector U(COP/IC) of the floor reaction force application 
point has been defined as a constant value. If, however, the 
landing sensors 32 and 33 detect that the foot S9 is in contact 
with the ground only in the toe-side portion, in other words, 
if only the landing sensor 33 outputs the ON signal indicat 
ing the landing of the leg, you may use the difference in the 
Z-axis component (U(J ankle/IC)Z-U(J MP/IC)Z) between 

(19) 
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the position vectors U(J ankle/IC) and U(JMP/IC) of the 
ankle joint J3 and the MP joint J4, namely, the distance in the 
vertical direction between the ankle joint J3 and the MP joint 
J4, instead of the predetermined value H0, regarding the 
landing leg. This improves the accuracy of U(COP/IC). 

0151. In the arithmetic processing of the floor reaction 
force application point estimation means 58, finally the 
value U(COP/BC) in the body coordinate system BC of the 
position vector of the floor reaction force application point 
is found by multiplying the position vector U(COP/IC) of 
the floor reaction force application point obtained for each 
landing leg as described above by the inverse transformation 
tensor R(IC->BC), which is a transposition of the previously 
obtained transformation tensor R(BC->IC). 
0152 Subsequently, the person-side joint moment esti 
mation means 41 performs the arithmetic processing of the 
leg plane projection means 59. In this processing, the 
acceleration vector ACC(BCO/BC) and the angular velocity 
vector ()(BCO/BC) of the origin BCO of the body coordi 
nate system BC calculated by the body coordinate system 
acceleration and angular velocity calculation means 54, the 
floor reaction force vectors Frf(right leg/BC) and Frf(left 
leg/BC) calculated by the floor reaction force estimation 
means 57, and the position vector U(COP/BC) of the floor 
reaction force application point COP calculated by the floor 
reaction force application point estimation means 58 are 
projected to the leg plane PL corresponding to each of the 
leg sections S2 for each thereof by using the transformation 
tensor R(BC->LC) (=R(LC->BC)"), which is a transposi 
tion of the transformation tensor R(LC->BC) generated by 
the transformation tensor generation means 51. 
0153. More specifically, the acceleration vector 
ACC(BCO/LC) and the angular velocity vector (O(BCO/LC) 
viewed from the each leg coordinate system LC are obtained 
by multiplying the acceleration vector ACC(BCO/BC) and 
the angular velocity vector ()(BCO/BC) each by the trans 
formation tensor R(BC->LC) as shown by the following 
formulas (20a) and (20b): 

The acceleration vector ACC(BCO/LC) and the angular 
velocity vector ()(BCO/LC) are each calculated as one 
corresponding to the leg coordinate system LC of the left leg 
section S2 and one corresponding to the leg coordinate 
system LC of the right leg section S2 individually. 

0154 Similarly, the floor reaction force vectors Frf(right 
leg/right LC) and Frf(left leg/right LC) viewed from the 
each leg coordinate system LC are obtained by multiplying 
the floor reaction force vectors Frf(right leg/BC) and Frf(left 
leg/BC) by the transformation tensors R(BC->right LC) and 
R(BC->left LC), respectively, as shown by the following 
formulas (20c) and (20d): 

Frfright legfright LC)=R(BC->right LC)xFiftright 
leg? BC) (20c) 

Frfleft leg/left LC)=R(BC->left LC)xF fleft leg? BC) (20d) 

0155 Moreover, the position vector U(COP/LC) of the 
floor reaction force application point COP viewed from the 
leg coordinate system LC corresponding to the landing leg 
2 is obtained by multiplying the position vector U(COP/BC) 
of the floor reaction force application point COP of the 
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landing leg 2 by the transformation tensor R(BC->LC) 
corresponding to the leg 2 as shown by the following 
formula (20e): 

Incidentally, the position vector U(COP/LC) is calculated 
only for the landing leg in the single Support state of the 
person A, while it is calculated for each of the right and left 
legs in the double Support state. 

0.156. In this point, regarding the acceleration vector 
ACC(BCO/LC), the floor reaction force vectors Frf(right 
leg/right LC) and Frf(left leg/left LC), and the position 
vector U(COP/LC) of the floor reaction force application 
point, a pair of the X coordinate component and the Z 
coordinate component for each of them are obtained as 
vectors of two-dimensional quantities obtained by project 
ing the vectors in the body coordinate system BC (three 
dimensional quantities) corresponding to each of them to 
each leg plane PL (the XZ plane in the leg coordinate system 
LC). For example, by referring to FIG. 14, assuming that the 
floor reaction force vector Frf(right leg/LC) of the right leg 
in the body coordinate system BC is a vector as indicated by 
the shown solid line, the pair of the X coordinate component 
and the Z coordinate component of the floor reaction force 
vector Frf(right leg/right LC) is represented by a vector on 
the leg plane PL(right) as indicated by the dashed line shown 
in FIG. 14. 

0157. A rotary motion of a leg on the leg plane PL is a 
rotary motion around an axis in the normal line direction (the 
Y axis direction of the leg coordinate system LC) of the leg 
plane PL. Therefore, the angular velocity vector ()(BCO/ 
BC) projected to the leg plane PL is a Y coordinate com 
ponent of the angular velocity vector ()(BCO/LC) in the leg 
coordinate system LC found by the aforementioned formula 
(20b). 
0158. In the following description of the joint moment 
calculation means 60, it is assumed that the acceleration 
vector ACC(BCO/LC), the floor reaction force vectors 
Frf(right leg/right LC) and Frf(left leg/left LC), and the 
position vector U(COP/LC) of the floor reaction force 
application point denote two-dimensional vectors each made 
of the pair of the X-axis component and the Z-axis compo 
nent. For example, the acceleration vector ACC(BCO/LC) 
denotes (ACC(BCO/LC)x, ACC(BCO/LC) z)". The value 
on the leg plane PL of the angular Velocity () is represented 
by co(BCO/LC)y. 

0159. Subsequently, the person-side joint moment esti 
mation means 41 performs arithmetic processing of the joint 
moment calculation means 60. Describing the outline of the 
arithmetic processing of the joint moment calculation means 
60, the joint moments of the joint elements J ankle, J knee, 
and J hip at the endpoints on the waist element S4 side of 
the foot element S9, the crus element S8, and the thigh 
element S7 are calculated in order by the operation of the 
inverse dynamics model based on the equations of motion 
related to the translational motion and the rotary motion of 
the foot element S9, the crus element S8, and the thigh 
element S7 of the each leg section S2. In this instance, the 
inverse dynamics model is treated on the leg plane PL (the 
XZ plane of the leg coordinate system LC) corresponding to 
each of the leg sections S2 for each thereof. The basic idea 
of the calculation processing is the same as one suggested by 
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the applicant earlier in Japanese Patent Laid-Open No. 
2003-89083 and the like, except the plane and coordinate 
system where the inverse dynamics model is treated. 
0160 Explaining in concrete terms hereinafter, the equa 
tions of motion of the translational motion on the leg plane 
PL of the foot element S9, the crus element S8, and the thigh 
element S7 of the each leg section S2 are given by the 
formulas (21) to (23) below. In the following description, 
one end closer to the waist element S4 is sometimes denoted 
by “P and the other end farther from the waist element 
S4 is sometimes denoted by “D "( is a name of the 
rigid element) for both ends of the rigid elements of the foot 
element S9, the crus element S8, and the thigh element S7. 
For example, as shown in FIG. 15, the end of the crus 
element S8 on the knee joint J knee (J2) side is denoted by 
“P crus’ and the other end on the ankle joint J ankle (J3) 
side is denoted by "D crus.” 

LC)")-Frf leg/LC) (21) 
F(P crus/LC)=m crusx(ACC(BCO/LC)+U(G crust 
LC)")-F(D crus/LC) (22) 
F(P thigh/LC)=m thighx (ACC(BCO/LC)+U(G th 
ligh/LC)")-F(D thigh/LC) (23) 

0161 In the above, the two denotations, F(P /BC) 
and F(D /BC), appearing in the above formulas (21) to 
(23) denote respectively reaction force vectors (two-dimen 
sional translational force vectors on the leg plane PL) 
applied by an object put in contact with the ends of the rigid 
element whose name is represented by to the ends 
thereof. Therefore, according to the law of action and 
reaction, F(D crus/BC)=-F(P foot/BC) and FD(D thigh/ 
BC)=-F(P crus/BC). In the formula (21) related to the foot 
element S9, the end farther from the waist element S4 of the 
foot element S9 is considered to be a floor reaction force 
application point COP and the floor reaction force vector 
Frf(leg/LC) found by the leg plane projection means 59 is 
used as a reaction force acting from the floor to the end (the 
floor reaction force application point COP). 
0162 Moreover, U(G. foot/LC)", U(G crus/LC)", and 
U(G thigh/LC)" respectively denote second derivatives of 
the position vectors of the centers of gravity G foot, G crus, 
and G thigh (more accurately, the pairs of the X coordinate 
component and the Z-coordinate component of the position 
vectors) in the leg coordinate system LC previously calcu 
lated by the two-dimensional leg posture and element cen 
ter-of-gravity location calculation means 52, in other words, 
relative accelerations (two-dimensional vectors) of the cen 
ters of gravity G foot, G crus, and G thigh viewed on the 
leg plane PL to the origin of the leg coordinate system L.C. 
In this instance, the acceleration vector on the leg plane PL 
of the origin of the leg coordinate system LC (the center of 
the hip joint J1) is Substantially the same as the acceleration 
vector ACC(BCO/LC) of the origin of the body coordinate 
system BC. Therefore, the sum of the acceleration vectors 
ACC(BCO/LC) and U(G. foot/LC)", U(G crus/LC)", or 
U(G thigh/LC)" indicates an actual acceleration vector of 
the center of gravity G foot, G crus, or G thigh on the leg 
plane PL. 
0163 FIG. 15 typically illustrates a relationship among 
parameters of the formula (22) related to the crus element 
S8. 

0164. Accordingly, F(P foot/LC), namely, the transla 
tional force (a two-dimensional vector on the leg plane PL) 
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acting on the ankle joint J ankle is found by the calculation 
of the right-hand side of the formula (21) from the floor 
reaction force vectors Frf(leg/LC) and the acceleration vec 
tor ACC(BCO/LC) obtained by the leg plane projection 
means 59, the relative acceleration vector U(G foot/LC)" 
obtained from the time series data of the position vector 
U(G foot/LC) of the center of gravity of the foot element S9 
found by the two-dimensional leg posture and element 
center-of-gravity location calculation means 52, and the 
weight m foot of the foot element S9. In addition, F(P crus/ 
LC), namely, the translational force (a two-dimensional 
vector on the leg plane PL) acting on the knee joint J knee 
is found by the calculation of the right-hand side of the 
formula (22) from the found F(P foot/LC) (=-F(D crus/ 
LC)), the acceleration vector ACC(BCO/LC) found by the 
leg plane projection means 59, the relative acceleration 
vector U(G crus/LC)" obtained from the time series data of 
the position vector U(G crus/LC) of the center of gravity of 
the crus element S8 found by the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52, and the weight m crus of the crus element S8. 
Similarly, F(P thigh/LC), namely, the translational force (a 
two-dimensional vector on the leg plane PL) acting on the 
hip joint J hip is found by the calculation of the right-hand 
side of the formula (23) by using the found F(P crus/LC) 
(=-F(D thigh/LC)) and the like. In this manner, the reaction 
force vectors (translational vectors) acting on the joint 
elements J ankle, J knee, and J hip are calculated in order 
on the basis of the equations of motion in the above (21) to 
(23). 
0.165 Subsequently, the equations of motion of the rotary 
motions (rotary motions around an axis passing through the 
corresponding center of gravity and perpendicular to the leg 
plane PL) of the foot element S9, the crus element S8, and 
the thigh element S7 are given by the following formulas 
(24) to (26): 

M(P thigh)=I thighx(c)(thigh)"+c)(BCO/LC)y')- 
{(UCD thigh/LC)- U(G thigh/LC))xF(D thigh/ 
LC)-(U(P thigh/LC)- U(G thigh/LC))x 
F(P thigh/LC)-M(D thigh) (26) 

0166 In the above, M(P ) and M(D ) appearing 
in the above formulas (24) to (26) denote respectively 
reaction force moments (each of which is the moment 
around the axis perpendicular to the leg plane PL (around the 
axis parallel to the Y axis of the leg coordinate system LC)) 
applied by an object put in contact with the ends of the rigid 
element whose name is represented by to the ends 
thereof (See FIG. 15). Therefore, according to the law of 
action and reaction, MCD crus)=-M(P foot) and 
M(D thigh)=-M(P crus). Moreover, I foot, I crus, and 
I thigh are respectively moments of inertia (more specifi 
cally, moments of inertia not including the moments of 
inertia of the assistive apparatus 1) around the corresponding 
center of gravity of the foot element S9, the crus element S8, 
and the thigh element S7 of the person rigid link model S1. 
They are previously determined based on the measurement 
data or the like and stored in the memory of the arithmetic 
processing unit 23, similarly to the weights of the rigid 
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elements of the person rigid link model S1. Furthermore, 
(O(foot)', ()(crus)', and ()(thigh)" respectively denote first 
derivatives of the relative angular velocities () (foot), 
()(crus), and ()(thigh) (relative angular velocities around the 
axis perpendicular to the leg plane PL), in other words, 
relative angular accelerations, viewed from the leg coordi 
nate system LC of the foot element S9, the crus element S8, 
and the thigh element S7. These are given as second 
derivatives of the tilt angles 0 foot, 0 crus, and 0 thigh of 
the foot element S9, the crus element S8, and the thigh 
element S7 found by the two-dimensional leg posture and 
element center-of-gravity location calculation means 52. 
respectively, as shown by the following formulas (26a) to 
(26c): 

c)(foot)'-0 foot" (26a) 
(1)(crus)'-0 crus" (26b) 
()(thigh)'-0 thigh" (26c) 

0167. In addition, ()(BCO/LC)y' is a first derivative of the 
actual angular velocity ()(BCO/LC)y of the origin BCO of 
the body coordinate system BC found by the leg plane 
projection means 59. The sum of the first derivative ()(BCO/ 
LC)y' and () (foot)", ()(crus)'', or ()(thigh)" indicates the actual 
angular acceleration (the angular acceleration around the 
axis perpendicular to the leg plane PL) of the foot element 
S9, the crus element S8, or the thigh element S7. 
0168 FIG. 15 typically illustrates the relationship among 
parameters of the formula (25) related to the crus element 
S8. 

0169. The joint moment calculation means 60 sequen 
tially calculates joint moments M(P foot), MCP crus), and 
M(P thigh) finally by using the above formulas (24) to (26). 
More specifically, the joint moment M(P foot), namely, the 
moment around the axis perpendicular to the leg plane PL 
acting on the ankle joint J3 is found by the calculation of the 
right-hand side of the formula (24) from the floor reaction 
force vectors Frf(leg/LC) and U(COP/LC) found by the leg 
plane projection means 59, the angular acceleration ()(BCO/ 
LC)y' grasped from time series data of the angular velocity 
()(BCO/LC)y found by the leg plane projection means 59. 
the relative angular acceleration () (foot)' (=0 foot") grasped 
from the time series data of the tilt angle 0 foot found by the 
two-dimensional leg posture and element center-of-gravity 
location calculation means 52, the position vectors 
U(G foot/LC) and U(P foot/LC) (=U(J ankle/LC) (more 
accurately, the pairs of the X coordinate component and the 
Z-coordinate component of these position vectors) found by 
the two-dimensional leg posture and element center-of 
gravity location calculation means 52, the reaction force 
F(P foot/LC) previously obtained by the formula (21), and 
the preset moment of inertia I foot. 
0170 Furthermore, the joint moment M(P crus), namely, 
the moment around the axis perpendicular to the leg plane 
PL acting on the knee joint J2 is found by the calculation of 
the right-hand side of the formula (25) from the found joint 
moment M(P foot) (=-M(D crus)), the reaction forces 
F(P foot/LC) (=-F(D crus/LC)) and F(P crus/LC) previ 
ously found by the formulas (21) and (22), the angular 
acceleration ()(BCO/LC)y'grasped from the time series data 
of the angular velocity ()(BCO/LC)y obtained by the leg 
plane projection means 59, the relative angular acceleration 
()(crus)'' (=0 crus") grasped from the time series data of the 
tilt angle 0 crus found by the two-dimensional leg posture 
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and element center-of-gravity location calculation means 52. 
the position vectors U(G crus/LC), U(P crus/LC) 
(=U(J knee/LC)), and U(D crus/LC) (=U(J ankle/LC)) 
(more accurately, the pairs of the X coordinate component 
and the Z-coordinate component of these position vectors) 
found by the two-dimensional leg posture and element 
center-of-gravity location calculation means 52, and the 
preset moment of inertia I crus. Similarly, M(P thigh), 
namely, the moment around the axis perpendicular to the leg 
plane PL acting on the hip joint J1 is found by the calculation 
of the right-hand side of the formula (25) by using the found 
M(P crus) (=-M(D thigh)) and the like. 

0171 While the moments of inertia I foot, I crus, and 
I thigh of the rigid elements of the each leg section S2 have 
been considered in this embodiment, these values are suf 
ficiently close to zero in general. Therefore, the terms 
including the moment of inertia I foot, I crus, or I thigh 
may be omitted in the calculations of the formulas (23) to 
(25). If this is the case, there is no need to grasp the angular 
velocity or angular acceleration of the foot element S9, the 
crus element S8, or the thigh element S7. 

0.172. As described above, in the arithmetic processing of 
the joint moment calculation means 60, the joint moments 
M(P foot), MCP crus), and M(P thigh) around the axis 
perpendicular to the leg plane PL of the ankle joint, the knee 
joint, and the hip joint of the each leg 2 of the person A are 
calculated in order from the ankle joint side. These joint 
moments M(P foot), MCP crus), and M(P thigh) are such 
moments that should be generated at the ankle joint, the knee 
joint, and the hip joint of each leg when the person A is 
performing Substantially the same motion as one actually 
being performed by the person A wearing the assistive 
apparatus 1, without the assistive apparatus 1 (performed by 
the person A without help). 

0173 Subsequently, the arithmetic processing of the 
apparatus-side joint moment estimation means 42 is 
described below. The arithmetic processing of the apparatus 
side joint moment estimation means 42 is sequentially 
performed for each processing period of the arithmetic 
processing unit 23 in parallel with the arithmetic processing 
of the person-side joint moment estimation means 41. The 
basic method of the arithmetic processing is the same as the 
arithmetic processing of the person-side joint moment esti 
mation means 41. Therefore, the following description will 
be given focusing on different points from the arithmetic 
processing of the person-side joint moment estimation 
means 41. In the following description until the end of the 
description of the arithmetic processing of the apparatus 
side joint moment estimation means 42, the rigid elements 
are assumed to denote the rigid elements of the apparatus 
rigid link model S1’, unless otherwise specified. 
0.174. In the arithmetic processing of the apparatus-side 
joint moment estimation means 42, the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 61 performs arithmetic processing, first, after the 
execution of the arithmetic processing performed by the 
two-dimensional leg posture and element center-of-gravity 
location calculation means 52 of the person-side joint 
moment estimation means 41, thereby finding the position 
vector in the leg coordinate system LC of the center of 
gravity of a rigid element of the apparatus rigid link model 
S1 (a rigid element of the leg section S2). 
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0175 More specifically, the position vectors U(G thigh 
orthosis/LC), U(G crus orthosis/LC), and U(G foot ortho 
sis/LC) of the centers of gravity G thigh orthosis (G7), 
G crus orthosis (G8), and G foot orthosis (G9) of the thigh 
element S7, the crus element S8, and the foot element S9 are 
calculated by the following formulas (27a) to (27c), respec 
tively: 

LC)xU(G thigh orthosis?C thigh) (27a) 

U(G crus orthosis LC)=U(J ankle/LC)+R(C crus-> 
LC)xU(G crus orthosis?C crus) (27b) 

U(G foot orthosis/LC)=U(J MP/LC)+R(C foot-> 
LC)xU(G foot orthosis?C foot) (27c) 

0176). In the formulas (27a) to (27c), the transformation 
tensors R(C thigh->LC), R(C. crus->LC), and R(C foot-> 
LC) and the position vectors U(J knee/LC, U(J ankle/LC), 
and U(JMP/LC) are found by the two-dimensional leg 
posture and element center-of-gravity location calculation 
means 52 of the person-side joint moment estimation means 
41. In addition, U(G thigh orthosis/C thigh), U(G crus 
orthosis/C crus), and U(G foot orthosis/C foot) are posi 
tion vectors of the centers of gravity of the rigid elements 
represented in the element coordinate system of the corre 
sponding rigid elements, and they are previously stored in 
the memory of the arithmetic processing unit 23. 

0177. The pairs of the X coordinate component and the Z 
coordinate component of the position vectors U(G thigh 
orthosis/LC), U(G crus orthosis/LC), and U(G. foot ortho 
sis/LC) calculated by the aforementioned formulas (27a) to 
(27c) represent the two-dimensional positions on the leg 
plane PL. 

0178 Moreover, in the arithmetic processing of the two 
dimensional element center-of-gravity location calculation 
means 61, the position vectors in the leg coordinate system 
LC of the support members S9a, S9b (see the above FIG. 5) 
of the foot element S9 are also calculated. Here, the support 
member S9b on the front side is referred to as the front 
support member and the support member S9b on the back 
side is referred to as the back Support member regarding the 
support members S9b, S9c of the each foot element S9. 
Assuming that their respective position vectors (position 
vectors in the leg coordinate system LC) are U(front Support 
member/LC) and U(back support member/LC), U(front Sup 
port member/LC) and U(back support member/LC) are each 
calculated by a formula in which U(G foot orthosis/C foot) 
in the right-hand side of the above formula (27a) is replaced 
with U(front support member/C foot) or U(back support 
member/C foot). U(front support member/C foot) and 
U(back support member/C foot) are position vectors of the 
front support member S9a and the back support member S9b 
in the element coordinate system C foot (C9) of the each 
foot element S9 and are previously stored in the memory of 
the arithmetic processing unit 23. 
0179 Subsequently, the apparatus-side joint moment 
estimation means 42 performs the arithmetic processing of 
the three-dimensional element center-of-gravity location 
calculation means 62 to find the position vectors in the body 
coordinate system BC of the centers of gravity of the rigid 
elements of the apparatus rigid link model S1'. This arith 
metic processing is performed in the same manner as for 
finding the three-dimensional position vectors of the centers 
of gravity of the rigid elements of the person rigid link 
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model S1 in the three-dimensional joint and element center 
of-gravity location calculation means 53 of the person-side 
joint moment estimation means 41. In other words, the 
position vectors the position vectors U(G thigh orthosis/ 
BC), U(G crus orthosis/BC), and U(G foot orthosis/BC) in 
the body coordinate system BC of the centers of gravity of 
the thigh element S7, the crus element S8, and the foot 
element S9 are found by calculating the formulas in which 
U(J left knee/LC) in the right-hand side of the aforemen 
tioned formula (4b) is replaced with the position vectors 
U(G thigh orthosis/LC), U(G crus orthosis/LC), and 
U(G foot orthosis/LC) of the centers of gravity previously 
calculated by the two-dimensional element center-of-gravity 
location calculation means 61, respectively. The position 
vectors in the body coordinate system BC of G thigh 
orthosis, G crus orthosis, and G foot orthosis are calculated 
for each of the leg sections S2 individually. 
0180. In addition, the position vector U(G waist orthosis/ 
BC) of the center of gravity G4 of the waist element S4 is 
calculated by the formula in which U(G waist/C waist) in 
the right-hand side of the aforementioned formula (6) is 
replaced with the position vector U(G waist orthosis/ 
C waist) of the center of gravity G waist orthosis in the 
waist coordinate system C waist previously stored. In this 
embodiment, C waist is equal to the body coordinate system 
BC, and therefore U(G waist orthosis/C waist) is directly 
obtained as U(G waist/BC) practically. 
0181 Moreover, the position vectors U(G abdomen 
orthosis/BC) and U(G. chest orthosis/BC) in the body coor 
dinate system BC of the centers of gravity G5 and G6 of the 
abdomen element S5 and the chest element S6 are calculated 
by the formulas in which U(G abdomen/C abdomen) and 
U(G. chest/C chest) in the right-hand side of the aforemen 
tioned formulas (7) and (8) are replaced with U(G abdomen 
orthosis/C abdomen) and U(G. chest orthosis/C chest) 
(they are previously stored in the arithmetic processing unit 
23), respectively. 
0182. In this embodiment, the weights of the abdomen 
element S5 and the chest element S6 of the apparatus rigid 
link model S1 are sufficiently low, and therefore these 
elements hardly have any influence on the entire center of 
gravity of the apparatus rigid link model S1'. Thus, the 
calculation of the position vectors U(G abdomen orthosis/ 
BC) and U(G. chest orthosis/BC) may be omitted. 
0183 Moreover, in the arithmetic processing of the three 
dimensional element center-of-gravity location calculation 
means 62, the position vectors U(front support member/BC) 
and U(back support member/BC) in the body coordinate 
system BC of the front support member S9a and the back 
support member S9b are also calculated for each of the leg 
sections S2 individually. These position vectors U(front 
support member/BC) and U(back support member/BC) are 
found by calculating the formulas in which U(J left knee/ 
LC) in the right-hand side of the aforementioned formula 
(4b) is replaced with the position vectors U(front support 
member/LC) and U(back support member/LC) of the front 
support member S9a and the back support member S9b of 
the each foot element S9 previously calculated by the 
two-dimensional element center-of-gravity location calcula 
tion means 61. 

0.184 Subsequently, the apparatus-side joint moment 
estimation means 42 performs the arithmetic processing of 
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the entire center-of-gravity location calculation means 63. In 
the arithmetic processing of the entire center-of-gravity 
location calculation means 63, the position vector U(G en 
tire orthosis/BC) in the body coordinate system BC of the 
entire center of gravity (the entire center of gravity of the 
assistive apparatus 1. Hereinafter, sometimes referred to as 
G entire orthosis) of the apparatus rigid link model S1 is 
calculated from the center of gravity locations (the position 
vectors in the body coordinate system BC) of the rigid 
elements calculated by the three-dimensional element cen 
ter-of-gravity location calculation means 62 and the weights 
of the rigid elements of the apparatus rigid link model S1 
previously stored in the arithmetic processing unit 23, by 
using the following formula (28): 

U(G entire orthosis/BC)={U(G chest orthosis/BC)x 
m chest orthosis+U(G abdomen orthosis BC)xm ab 
domen orthosis+U(G waist orthosis. BC)xm waist 
orthosis--U(G right thigh orthosis BC)xm right thigh 
orthosis--UG left thigh orthosis. BC)xm left thigh 
orthosis--U(G right crus orthosis BC)xm right crus 
orthosis--UG le crus orthosis BC)xm left crus 
orthosis--U(G right foot orthosis. BC)xm right foot 
orthosis--UG le foot orthosis BC)xm left foot 
orthosis/weight of entire orthosis (28) 

0185. The term “m orthosis' such as m chest ortho 
sis is a weight of a rigid element of the apparatus rigid link 
model S1 corresponding to the name of and thus it is 
the weight of a single unit of the assistive apparatus 1 (not 
including the weight of the person A). Moreover, m chest 
orthosis and m abdomen orthosis are each approximately 
Zero in this embodiment, and therefore the terms including 
them may be omitted. 
0186. Subsequently, the apparatus-side joint moment 
estimation means 42 performs the arithmetic processing of 
the floor reaction force estimation means 64 and the floor 
reaction force application point estimation means 65. In the 
arithmetic processing of the floor reaction force estimation 
means 64, the floor reaction force vector (the floor reaction 
force vector viewed in the body coordinate system BC) 
acting on the assistive apparatus 1 is estimated by the same 
method as for the floor reaction force estimation means 57 
of the person-side joint moment estimation means 41. 
0187 More specifically, first, it is determined whether the 
person A is in the single Support state or in the double 
Support state based on the detected outputs of the landing 
sensors 32, 33, similarly to the floor reaction force estima 
tion means 57 of the person-side joint moment estimation 
means 41. FIG. 16 typically shows an example of the 
assistive apparatus 1 (the assistive apparatus 1 viewed on the 
Sagittal plane) in the single Support state in the form of an 
apparatus rigid link model S1. Moreover, FIGS. 17(a), (b) 
typically show examples of the leg sections of the assistive 
apparatus 1 in the double Support state viewed on the Sagittal 
plane and frontal plane, respectively by using the apparatus 
rigid link model S1'. In the following description, the floor 
reaction force vectors (vectors represented by the coordinate 
component values in the body coordinate system BC) acting 
on the right leg section and the left leg section of the 
assistive apparatus 1 are represented by Frf(right leg ortho 
sis/BC) and Frf(left leg orthosis/BC), respectively. If there is 
no need to discriminate between right and left, they are 
represented by Frf(leg orthosis/BC). 
0188 In the single support state as shown in FIG. 16, the 
floor reaction force vector Frf(right leg orthosis/BC) acting 
on the landing leg section S2 (it is assumed here to be the 
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right leg section, for example) of the assistive apparatus 1 is 
calculated by the following equation of motion (29) 
described below, which is similar to the aforementioned 
formula (13): 

Fiftright leg orthosis BC)=Weight of entire orthosisx 
(ACC(BCO/BC)+U(G entire orthosis/BC)") (29) 

0189 In the above, U(G. entire orthosis/BC)" is a second 
derivative of the position vector U(G. entire orthosis/BC) 
sequentially calculated by the entire center-of-gravity loca 
tion calculation means 63 and calculated from the time 
series data of U(G. entire orthosis/BC). Moreover, 
ACC(BCO/BC) of the formula (29) is an acceleration vector 
of the origin BCO of the body coordinate system BC 
calculated by the body coordinate system acceleration and 
angular velocity calculation means 54 of the person-side 
joint moment estimation means 41. Also when the left leg of 
the person A is landing, the floor reaction force vector 
Frf(left leg orthosis/BC) is calculated by the calculation in 
the right-hand side of the formula (29) similarly in the single 
support state. Incidentally, the floor reaction force vector 
Frf(leg orthosis/BC), which acts on the leg section of the leg 
not landing of the assistive apparatus 1, is Zero. 
0190. In the double support state as shown in FIGS. 
17(a), (b), the floor reaction force vectors Frf(right leg 
orthosis/BC) and Frf(left leg orthosis/BC) acting on the 
assistive apparatus 1 are calculated based on the following 
five relational expressions (30) to (34), which are similar to 
the aforementioned expressions (14) to (18): 

Fiftright leg orthosis. BC)+Frfleft leg orthosis. BC)= 
Weight of entire orthosisx(ACC(BCO/BC)+U(G en 
tire orthosis BC)") (30) 
Fiftright leg orthosis. BC).x: Fiftright leg orthosis 
BC)z=U(G entire orthosis. BC)x-U(J right ankle? 
BC)xU(G entire orthosis BC)z-U(J right ankle? BC)z (31) 
Fifleft leg orthosis. BC).x: Fifleft leg orthosis BC)z= 
U(G entire orthosis. BC)x-U(J left ankle? BC).x:U- 
(G entire orthosis. BC)z-U(J left ankle? BC)z (32) 
Fiftright leg orthosis. BC)y:Fiftright leg? BC)Z= 
U(G entire orthosis. BC)y-U(J right ankle? BC)y:U- 
(G entire orthosis. BC)z-U(J right ankle? BC)z (33) 
Fifleft leg orthosis. BC)y:Fifleft leg orthosis BC)z= 
ACC(G entire orthosis. BC)y-U(J left ankle? BC)y:U- 
(G entire orthosis. BC)z-U(J left ankle? BC)z (34) 

0191 Among these formulas (30) to (34), the formula 
(30) represents an equation of motion related to the trans 
lational motion in the body coordinate system BC of the 
entire center of gravity G entire orthosis of the assistive 
apparatus 1, in which the right-hand side thereof is the same 
as the right-hand side of the formula (20). As shown in 
FIGS. 17(a), (b), the formulas (31) to (34) are geometric 
relational expressions obtained supposing that the floor 
reaction force vector Frf(right leg orthosis/BC) and the floor 
reaction force vector Frf(left leg orthosis/BC) are vectors 
each starting from the right ankle joint J1 or the left ankle 
joint J1 toward G. entire orthosis. In this condition, the 
formulas (31) and (32) are relational expressions viewed on 
the sagittal plane (the XZ plane in the body coordinate 
system BC), and the formulas (33) and (34) are relational 
expressions viewed on the frontal plane (the YZ plane in the 
body coordinate system BC). 
0.192 Similarly to the arithmetic processing of the floor 
reaction force estimation means 57 of the person-side joint 
moment estimation means 41, to find the floor reaction force 
vectors Frf(right leg orthosis/BC) and Frf(left leg orthosis/ 
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BC) in the double support state, Frf(right leg orthosis/BC) 
and Frf(left leg orthosis/BC) are calculated by solving a 
simultaneous equation composed of the aforementioned 
formulas (30) to (34) with the coordinate component values 
of these vectors defined unknowns. Incidentally, U(G. entire 
orthosis/BC), which is necessary for this calculation, is 
found by the entire center-of-gravity location calculation 
means 63 and U(J right ankle/BC) and U(J left ankle/BC) 
are found by the three-dimensional joint and element center 
of-gravity location calculation means 53 of the person-side 
joint moment estimation means 41. Moreover, the Z-axis 
component of Frf(right leg orthosis/BC) or Frf(left leg 
orthosis/BC) can be found by using either the formulas (31) 
and (32) related to the sagittal plane or the formula (33) 
related to the frontal plane. 
0193 While there has been used the formulas (31) to (34) 
Supposing that the floor reaction force vector Frf(right leg 
orthosis/BC) and the floor reaction force vector Frf(left leg 
orthosis/BC) are vectors each starting from the ankle joint J1 
of the right leg or the ankle joint J1 of the left leg toward 
G entire orthosis in this embodiment, it is also possible to 
use the position (the position in the body coordinate system 
BC) of the neighboring point where each ankle joint J1 
exists or the position (the position in the body coordinate 
system BC) of the floor reaction force application point of 
each leg section of the assistive apparatus 1 calculated as 
described later, instead of U(J right ankle/BC) and U(J left 
ankle/BC) of the formulas (31) to (34). 
0194 For the floor reaction force vector Frf(right leg 
orthosis/BC) and Frf(left leg orthosis/BC) calculated by the 
floor reaction force estimation means 64 as described above, 
only the weight of the assistive apparatus 1 itself is taken 
into consideration. Therefore, on the assumption that the 
assistive apparatus 1 is independently making the same 
motion by itself as the current motion of the legs of the 
person A, Frf(right leg orthosis/BC) and Frf(left leg orthosis/ 
BC) denote floor reaction force vectors acting on the assis 
tive apparatus 1 by the empty weight of the assistive 
apparatus 1. The floor reaction force vectors necessary for 
the assistive apparatus 1 to make a motion independently 
needs to satisfy the aforementioned formulas (29) or (30). In 
the double Support states however, it is also possible to cause 
the floor reaction force vectors to be estimated by using a 
relational expression other than the formulas (31) to (34). 
0.195. In the arithmetic processing of the floor reaction 
force application point estimation means 64, the application 
points of the floor reaction force vectors Frf(right leg 
orthosis/BC) and Frf(left leg orthosis/BC) acting on the 
assistive apparatus 1 are estimated by the same method as in 
the floor reaction force application point estimation means 
58 of the person-side joint moment estimation means 41. 
0196. In this instance, the application points of the floor 
reaction force vectors Frf(right leg orthosis/BC) and Frf(left 
leg orthosis/BC) are estimated based on the center of gravity 
of the entire orthosis and the positional relationship within 
the horizontal plane between the front support member S9a 
and the back support member S9b of the foot element S9 of 
the landing leg in the absolute coordinate system IC. 
0197) More specifically, first, by using the transformation 
tensor R(BC->IC) obtained by the floor reaction force 
application point estimation means 58 of the person-side 
joint moment estimation means 41, the position vectors 
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U(G. entire orthosis/IC), U(front support member/IC), and 
U(back support member/IC) viewed in the absolute coordi 
nate system IC of the center of gravity of the entire orthosis 
and the front support member S9a and the back support 
member S9b of the each foot element S9 are calculated by 
multiplying the position vector U(G. entire orthosis/BC) of 
the center of entire orthosis previously obtained by the entire 
center-of-gravity location calculation means 63 and the 
position vectors U(front support member/BC) and U(back 
support member/BC) of the front support member S9a and 
the back support member S9b of the each foot element S9 
previously obtained by the three-dimensional element cen 
ter-of-gravity location calculation means 62 each by the 
transformation tensor R(BC->IC). Then, regarding the leg 
determined to be not landing based on the detected outputs 
of the landing sensors 32, 33, there is no need to calculate 
the position vectors U(front support member/BC) and 
U(back support member/BC). 

0198 Subsequently, for each leg determined to be land 
ing from the detected outputs of the landing sensors 32, 33, 
the X-axis component and the Y-axis component of the 
position vector (the position vector in the absolute coordi 
nate system IC) U(orthosis COP/IC) of the floor reaction 
force application point are determined according to the 
magnitude relation of the X-axis direction components 
U(G. entire orthosis/IC)x, U(J front support member/IC)x, 
and U(J back support member/IC)x of the position vectors 
U(G. entire orthosis/IC), U(J front support member/IC), 
and U(J back support member/IC), in other words, accord 
ing to the relative horizontal positional relationship in the 
forward/backward direction of the center of gravity of the 
entire orthosis and the front support member S9a and the 
back support member S9b of the foot element S9. 
0199 More detailed description will be given with ref 
erence to FIGS. 18(a) to (c) and FIG. 19. In the description 
below, the left leg is assumed to be landing. FIGS. 18(a) to 
(c) illustrate states in which the left leg section of the 
assistive apparatus 1 is landing (the single Support state in 
these diagrams), viewed on the sagittal plane. FIG. 19 shows 
a plan view of the foot of the landing leg section of the 
assistive apparatus 1 in the state of FIG. 18(b). In FIG. 18 
and FIG. 19, the leg sections of the assistive apparatus 1 is 
typically shown in the form of a rigid link model S1'. 

0200. As shown in FIG. 18(a), if the center of gravity of 
the entire orthosis G entire orthosis is more forward than the 
front support member S9a of the landing left foot S9, in 
other words, if U(G. entire orthosis/IC)x>U(J left front Sup 
port member/IC)x, the floor reaction force application point 
COP exists substantially just under the front support member 
S9a of the left foot S9 (the toe of the foot S9). Therefore, in 
this case, it is assumed that the X- and Y-axis components of 
the position vector U(left orthosis COP/IC) of the floor 
reaction force application point COP corresponding to the 
landing left foot S9 are equal to the X- and Y-axis compo 
nents of the position vector U(J left front support member/ 
IC) of the front support member S9a of the left foot S9, 
respectively. In other words, it is assumed that U(left ortho 
sis COP/IC)x=U(J left front support member/IC)x and 
U(left orthosis COP/IC)y=U(J left front support member/ 
IC)y. 

0201 Moreover, as shown in FIG. 18(c), if the center of 
gravity of the entire orthosis G entire orthosis is more 
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backward than the back support member S9b of the landing 
left foot S9, in other words, if U(G. entire orthosis/ 
IC)x<U(J left back support member/IC)x, the floor reaction 
force application point COP exists substantially just under 
the back support member S9b of the left foot S9 concerned. 
Therefore, in this case, it is assumed that the X- and Y-axis 
components of the position vector U(left orthosis COP/IC) 
of the floor reaction force application point COP correspond 
ing to the landing left foot S9 are equal to the X- and Y-axis 
components of the position vector U(J left back Support 
member/IC) of the back support member S9b of the left foot 
S9, respectively. In other words, U(left orthosis COP/IC)x= 
U(J left back support member/IC)x and U(left orthosis 
COP/IC)y U(J left back support member/IC)y. 

0202) Moreover, as shown in FIG. 18(b), if the center of 
gravity of the entire orthosis G entire orthosis exists 
between the front support member S9a and the back support 
member S9b of the left foot S9 in the forward/backward 
direction, in other words, if U(J left front support member/ 
IC)Xs U(G. entire orthosis/IC)xs U(J left back support 
member/IC)x, the floor reaction force application point COP 
exists substantially just under the center of gravity of the 
entire orthosis G entire orthosis on the shown Sagittal plane. 
Therefore, in this case, it is assumed that the X-axis com 
ponent of the position vector U(left orthosis COP/IC) of the 
floor reaction force application point COP corresponding to 
the landing left foot S9 is equal to the X-axis component of 
the center of gravity of the entire orthosis G entire orthosis. 
In other words, it is assumed that U(left orthosis COP/IC)x= 
U(G. entire orthosis/IC)x. Then, the position of the floor 
reaction force application point COP is thought to be gen 
erally on a line segment generated by projecting the line 
segment between the front support member S9a and the 
back support member of the left foot S9 onto the floor 
Surface. Accordingly, it is assumed that the Y-axis compo 
nent of the position vector U(left orthosis COP/IC) of the 
floor reaction force application point COP is equal to the 
Y-axis component of a point Q where the value of the center 
of gravity of the entire orthosis G entire orthosis is equal to 
the value of the X-axis component (the X-axis component in 
the absolute coordinate system IC) on the line segment 
between the front support member S9a and the back support 
member S9b of the left foot S9 as shown in FIG. 19. The 
value of the Y-axis component of the position vector U(left 
orthosis COP/IC) is found based on the following formula 
(35) indicating the proportional relation: 

U(left orthosis COP/IC)x-U(left back support mem 
bert IC)xU(left front support member IC)x-U(left 
back Support member IC)x=U(left orthosis COP/IC)y- 
U(left back support member IC)y:U(left front support 
member IC)y-U(left back support member IC)y (35) 

0203 Moreover, it is assumed that the Z-axis component 
of the position vector U(left orthosis COP/IC) of the floor 
reaction force application point is equal to the Z-axis com 
ponent of the point, which is a predetermined value H0 (>0) 
away from the ankle joint J3 of the left leg section down 
ward in the vertical direction, similarly to the floor reaction 
force application point estimation means 58 of the person 
side joint moment estimation means 41. In other words, it is 
assumed that U(left COP/IC)Z=U(J left ankle/IC)Z-H0. In 
this embodiment, the positions of the joint elements are the 
same between the person rigid link model S1 and the 
apparatus rigid link model S1’, and therefore the predeter 
mined value H0 is the same as one used in the floor reaction 
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force application point estimation means 58 of the person 
side point moment estimation means 41. 
0204. In this embodiment, we can obtain the position 
vector U(left COP orthosis/IC) of the floor reaction force 
application point of the floor reaction force vector Frfacting 
on the left leg section when the left leg is landing, as 
described hereinabove. The same applies to the right leg 
section when it is landing. In this instance, in the double 
support state, the position vector of the floor reaction force 
application point is found as described above for each of the 
both legs. 

0205. In this embodiment, the predetermined value H0 
for use in finding the Z-axis component of the position 
vector U(COP orthosis/IC) of the floor reaction force appli 
cation point has been defined as a constant value. If, how 
ever, the landing sensors 32 and 33 detect that the foot S9 is 
in contact with the ground only in the toe-side portion, you 
may use the difference in the Z-axis component (U(J ankle/ 
IC)Z-U(front support member/IC)Z) between the position 
vectors U(J ankle/IC) and U(front support member/IC) of 
the ankle joint J3 and the front support member S9a, namely, 
the distance in the vertical direction between the ankle joint 
J3 and the front support member S9a, instead of the prede 
termined value H0, regarding the landing foot S9. This 
improves the accuracy of U(COP orthosis/IC). 

0206. In the arithmetic processing of the floor reaction 
force application point estimation means 65, finally the 
value U(COP orthosis/BC) in the body coordinate system 
BC of the position vector of the floor reaction force appli 
cation point related to the assistive apparatus 1 is found by 
multiplying the position vector U(COP orthosis/IC) of the 
floor reaction force application point obtained for each 
landing leg section as described above by the transformation 
tensor R(IC->BC). 
0207 Subsequently, the apparatus-side joint moment 
estimation means 42 performs the arithmetic processing of 
the leg plane projection means 66. In this processing, the 
floor reaction force vectors Frf(right leg orthosis/BC) and 
Frf(left leg orthosis/BC) calculated by the floor reaction 
force estimation means 64 and the position vector U(orthosis 
COP/BC) of the floor reaction force application point COP 
calculated by the floor reaction force application point 
estimation means 65 are projected to the leg plane PL 
corresponding to each of the leg sections S2 for each thereof 
by using the transformation tensor R(BC->LC) (=R(LC-> 
BC)"), which is a transposition of the transformation tensor 
R(LC->BC) generated by the transformation tensor genera 
tion means 51. 

0208 More specifically, the floor reaction force vectors 
Frf(right leg orthosis/right LC) and Frf(left leg orthosis/right 
LC) viewed from the each leg coordinate system LC are 
obtained by multiplying the floor reaction force vectors 
Frf(right leg/BC) and Frf(left leg/BC) by the transformation 
tensor R(BC->right LC) and R(BC->left LC), respectively, 
as shown by the following formulas (36a) and (36b): 

Fiftright leg orthosis/right LC)=R(BC->right LC)xFr 
fright leg orthosis BC) (36a) 

Frfleft leg orthosis/left LC)=R(BC->left LC)xF fleft 
leg orthosis. BC) (36b) 

0209 Moreover, the position vector U(orthosis COP/LC) 
of the floor reaction force application point COP viewed 
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from the leg coordinate system LC corresponding to the 
landing leg section S2 is obtained by multiplying the posi 
tion vector U(COP/BC) of the floor reaction force applica 
tion point COP of the landing leg section S2 by the trans 
formation tensor R(BC->LC) corresponding to the landing 
leg section S2 as shown by the following formula (36c): 

U(orthosis COP/LC)=R(BC->LC)xU(COP orthosis/ 
BC) (36c) 

Incidentally, the position vector U(orthosis COP/LC) is 
calculated only for the landing leg section S2 in the single 
support state of the person A, while it is calculated for each 
of the right and left leg sections S2 in the double support 
State. 

0210 Additionally describing, the acceleration vector 
ACC(BCO/LC) and the angular velocity vector (O(BCO/LC) 
viewed in the right or left leg coordinate system LC are 
calculated as described in the above by using the leg plane 
projection means 59 of the person-side joint moment esti 
mation means 41 (see the aforementioned formulas (20a) 
and (20b)), and therefore there is no need to calculate them 
in the leg plane projection means 59 of the apparatus-side 
joint moment estimation means 42. 
0211. In the following description of the joint moment 
calculation means 67, it is assumed that the acceleration 
vector ACC(BCO/LC), the floor reaction force vectors 
Frf(right leg orthosis/right LC) and Frf(left leg orthosis/left 
LC), and the position vector U(COP orthosis/LC) of the 
floor reaction force application point denote two-dimen 
sional vectors each made of the pair of the X-axis compo 
nent and the Z-axis component. The value on the leg plane 
PL of the angular velocity () is represented by ()(BCO/LC)y. 
0212 Subsequently, the apparatus-side joint moment 
estimation means 42 performs arithmetic processing of the 
joint moment calculation means 67. In the arithmetic pro 
cessing of the joint moment calculation means 67, the joint 
moments of the joint elements J ankle, J knee, and J hip 
are calculated in order by the operation (a two-dimensional 
operation on each leg plane PL) of the inverse dynamics 
model based on the equations of motion related to the 
translational motion and the rotary motion of the foot 
element S9, the crus element S8, and the thigh element S7 
of the each leg section S2 described below, similarly to the 
arithmetic processing of the joint moment calculation means 
67 of the person-side joint moment estimation manes 41. 
0213. In this instance, the equations of motion related to 
the translational motion are given by the formulas (37) to 
(39) shown below and the equations of motion related to the 
rotary motion are given by the formulas (40) to (42) shown 
below. In the equations of motion shown below, similarly to 
the arithmetic processing of the joint moment calculation 
means 60, one end closer to the waist element S4 is 
sometimes denoted by “P orthosis' and the other end 
farther from the waist element S4 is sometimes denoted by 
“D "( is a name of the rigid element) for both ends 
of the rigid elements of the foot element S9, the crus element 
S8, and the thigh element S7 of the apparatus rigid link 
model S1'. For example, the end of the crus element S8 on 
the knee joint J knee (J2) side is denoted by “P crus 
orthosis” and the other end on the ankle joint J ankle (J3) 
side is denoted by "D crus orthosis.” Moreover, F(P 
orthosis/BC) and F(D orthosis/BC) denote reaction 
forces (two-dimensional translational force vectors on the 
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leg plane PL) applied to the end of the rigid elements (the 
rigid elements of the apparatus rigid link model S1') each 
having the name denoted by concerned from an object 
in contact with the end of the rigid element. Similarly, 
M(P orthosis) and M(D orthosis) denote reaction 
moments (moments around the axis perpendicular to the leg 
plane PL (around the axis parallel to the Y axis of the leg 
coordinate system LC)) applied to the end of the rigid 
elements (the rigid elements of the apparatus rigid link 
model S1') each having the name denoted by concerned 
from an object in contact with the end of the rigid element. 

F(P foot orthosis/LC)=m foot orthosisx(ACC(BCO/ 
LC)+U(G foot orthosis/LC)")-Frfleg orthosis. LC) (37) 

F(P crus orthosis/LC)=m crus orthosisx(ACC(BCO/ 
LC)+U(G crus orthosis LC)")-F(D crus orthosis LC) (38) 
F(P thigh orthosis/LC)=m thigh orthosisx(AC 
C(BCO/LC)+U(G thigh orthosis. LC)")-F(D thigh 
orthosis LC) (39) 
M(P foot orthosis)=1 foot orthosisx(c)(foot)"+c)(BCO/ 
LC)y')-(U(orthosis COP/LC)- U(G foot orthosis/ 
LC))xFrf leg orthosis/LC)-(U(P foot LC)- U(G- 
foot orthosis/LC))xF(P foot orthosis/LC) (40) 
M(P crus orthosis)=I crus orthosisx(c)(crus)'+ 
(1)(BCO/LC)')-(U(D crus/LC)-U(G crus orthosis/ 
LC))xF(D crus orthosis/LC)-(U(P crus/LC)- 
U(G crus orthosis/LC))xF(P crus orthosis/LC)- 
M(D crus orthosis) (41) 
M(P thigh orthosis)=I thigh orthosisx(c)(thigh)"+ 
(1)(BCO/LC)')-(UCD thigh/LC)- U(G thigh ortho 
sis LC))xF(D thigh orthosis/LC)-(U(P thigh/ 
LC)- UG thigh orthosis. LC))xF(P thigh orthosis 
LC)}-M(D thigh orthosis) (42) 

0214) In the above, F(D crus orthosis/BC)=-F(P foot 
orthosis/BC), F(D thigh orthosis/BC)=-F(P crus orthosis/ 
BC), M(D crus orthosis)=-M(P foot orthosis), and 
M(D thigh orthosis)=-M(P crus orthosis). Moreover, 
I foot orthosis, I crus orthosis, and I thigh orthosis are 
moments of inertia (moments of inertia of the assistive 
apparatus 1 only) around the center of gravity of each of the 
foot element S9, the crus element S8, and the thigh element 
S7 of the apparatus rigid link model S1", respectively, and 
they are previously determined based on the measurement 
data or the like and stored in the memory of the arithmetic 
processing unit 23. 

0215. These formulas (37) to (42) correspond to the 
aforementioned formulas (21) to (26). In the joint moment 
calculation means 67, similarly to the person-side joint 
moment estimation means 41, ultimately the joint moments 
M(P foot orthosis), MCP crus orthosis), and M(P thigh 
orthosis) are calculated in order for each of the leg sections 
S2 by using the aforementioned formulas (37) to (42). 
0216) In this case, ACC(BCO/LC), ()(foot)", ()(crus), 
co(thigh), ()(BCO/LC)y', U(P foot/LC), U(D crus/LC), 
U(P crus/LC), U(D thigh/LC), and U(P thigh/LC) neces 
sary for the calculation are the same as those used in the 
aforementioned formulas (21) to (26). Moreover, U(G foot 
orthosis/LC)". U(G crus orthosis/LC)", and U(G thigh 
orthosis/LC)" are calculated from the time series data of the 
position vectors as second derivatives of the position vectors 
(more accurately, the pairs of the X coordinate component 
and the Z-coordinate component of the position vectors) of 
the centers of gravity G foot orthosis, G crus orthosis, 
G thigh orthosis in the leg coordinate system LC previously 
calculated by the two-dimensional element center-of-gravity 
location calculation means 61. Furthermore, Frf(leg ortho 
sis/LC) is a two-dimensional vector generated by projecting 
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the floor reaction force vector previously calculated by the 
floor reaction force estimation means 64 onto the leg plane 
by means of the leg plane projection means 66, and U(ortho 
sis COP/LC) is a two-dimensional vector generated by 
projecting the floor reaction force application point previ 
ously calculated by the floor reaction force application point 
estimation means 65 onto the leg plane PL by means of the 
leg plane projection means 66. 

0217 While the moments of inertia I foot orthosis, 
I crus orthosis, I thigh orthosis of the rigid elements of the 
each leg sections S2 have been taken into consideration in 
this embodiment, these values are sufficiently close to Zero 
in general. Therefore, the terms including the moment of 
inertia I foot orthosis, I crus orthosis, or I thigh orthosis 
may be omitted in the calculations of the formulas (40) to 
(42). 
0218. In the arithmetic processing of the joint moment 
calculation means 67, the joint moments M(P foot orthosis), 
M(P crus orthosis), and M(P thigh orthosis) around the axis 
perpendicular to the leg plane PL of the joint regions 4., 6. 
and 10 of the assistive apparatus 1 are calculated in order 
from the side of the ankle joint region 4 (J3) as described 
above. These joint moments M(P foot orthosis), MCP crus 
orthosis), and M(P thigh orthosis) are such moments that 
should be generated in the ankle joint region 4, the knee joint 
region 6, and the hip joint region of each leg section of the 
assistive apparatus 1 when Supposing that the assistive 
apparatus 1 is performing substantially the same motion as 
one actually being performed by the person A wearing the 
assistive apparatus 1 independently (by itself). 

0219. The above is the details of the arithmetic process 
ing of the person-side joint moment estimation means 41 
and the apparatus-side joint moment estimation means 42 of 
the arithmetic processing unit 23. 
0220. The arithmetic processing unit 23 then performs 
the arithmetic processing of the apparatus generated torque 
determination means 43. In this arithmetic processing, 
torques to be generated in the electric motors 18 to 20 of the 
each leg section of the assistive apparatus 1 are determined 
based on the joint moments M(P foot), MCP crus), and 
M(P thigh) related to the person A and the joint moments 
M(P foot orthosis), MCP crus orthosis), and M(P thigh 
orthosis) related to the assistive apparatus 1. 
0221) More specifically, for example, describing the elec 

tric motor 20 for the ankle, the joint moment M(P foot 
orthosis) related to the assistive apparatus 1 is defined as a 
reference torque that should be generated in the electric 
motor 20, and the torque formed by adding (making an 
addition of) a moment, which is obtained by multiplying the 
joint moment M(P foot) related to the person A by a 
predetermined ratio (10% or the like), to the foregoing 
reference torque is determined as a target generated torque 
for the electric motor 20. The same applies to other electric 
motors 18 and 19. Although the predetermined ratio may be 
previously determined, it also can be variably set according 
to the motion pattern being performed by the person A, 
timing thereof, or the like. 
0222. The arithmetic processing unit 23 then controls the 
electric motors 18 to 20 to generate the target generated 
torques determined in this manner via the motor drive circuit 
27 by using the motor control means 44. 
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0223) As described hereinabove, by estimating the joint 
moments of the leg for each of the person A and the assistive 
apparatus 1 and controlling the electric motors 18 to 20 
based on the joint moments, the electric motors 18 to 20 
generate the torques formed by adding the Supplementary 
torque to the joint moments M(P foot orthosis), MCP crus 
orthosis), and M(P thigh orthosis), by which at least the 
assistive apparatus 1 can make Substantially the same 
motion as the motion of the person A. Therefore, the person 
A can make a leg motion intended by him or her Substan 
tially without being aware of the empty weight of the 
assistive apparatus 1. 
0224 Moreover, in this embodiment, the joint moments 
of the person A and the joint moments of the assistive 
apparatus 1 are estimated by the inverse dynamic calculation 
on the leg plane PL, and therefore unevenness of the 
estimated values can be suppressed, by which the stability 
can be improved. In other words, in the 3-axis rotation angle 
detected by the joint displacement sensor 29 of the hip joint 
region 4, the rotation angles other than the rotation angle 
around the axis perpendicular to the leg plane PL easily 
involve an error in general, while the arithmetic processing 
using the rotation angles around two axes is reduced as much 
as possible in calculating the joint moments. Therefore, it is 
possible to prevent the accumulation of errors in the detected 
values of the rotation angles, thereby Suppressing the 
unevenness of the values of the estimated joint moments. 
0225 Incidentally, although the joint moments can be 
estimated by the three-dimensional inverse dynamics calcu 
lation, it is more advantageous to estimate the joint moments 
by the inverse dynamics calculation on the leg plane PL as 
described in this embodiment to Suppress the unevenness of 
the estimated values of the joint moments if the rotation 
angles other than the rotation angle around the axis perpen 
dicular to the leg plane PL easily involve errors in the 
rotation angle in the 3-axis rotation angle detected by the 
joint displacement sensor 29 of the hip joint region 4. 
0226. Subsequently, modifications of the embodiment 
described hereinabove will be described below. The modi 
fications described below correspond to the embodiment 
according to the first aspect of the present invention. 
0227. While the electric motor 20 is provided in the ankle 
joint region 10 of the assistive apparatus 1 in the above 
embodiment, it is possible to omit the electric motor 20 for 
the ankle joint region 10. In this instance, if the ankle joint 
region 10 between the foot link member 11 and the second 
crus link member 9 is formed by a free joint or other 
rotatable object, the joint moment M(P crus orthosis) of the 
knee joint region 6 and the joint moment M(P thigh ortho 
sis) of the hip joint region 4 may be calculated with the 
right-hand side of the formula (40) set to “Zero” in calcu 
lating the joint moments of the assistive apparatus 1. Other 
things may be the same as in the aforementioned embodi 
ment. The modification described here is referred to as a 
second embodiment. 

0228 Moreover, for example, if an elastic member such 
as a spring is disposed between the foot orthosis portion 12 
and the second crus link member 9 of the assistive apparatus 
1, in other words, if an elastic member 70 such as a spring 
is disposed between the foot element S9 and the crus 
element S8 as shown in FIG. 20 when the assistive apparatus 
1 is represented in the form of a rigid link model, M(P foot 
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orthosis) of the formula (40) may be calculated by using a 
data table or a predetermined arithmetic expression from the 
detected value of the rotation angle of the ankle joint region 
10 and then the knee joint moment M(P crus orthosis) of the 
knee joint region 6 and the joint moment M(P thigh ortho 
sis) of the hip joint region 4 may be calculated by using 
M(P foot orthosis). Other things may be the same as those 
of the aforementioned embodiment. The modification 
described here is referred to as a third embodiment. 

0229 Verification of effectiveness of the present inven 
tion will be described below with reference to FIG. 21 to 
FIG. 24. The example described here is related to the second 
embodiment. 

0230 Referring to FIG. 21, there is shown a graph of 
energy consumed of the person A wearing the assistive 
apparatus when ascending stairs. Referring to FIG. 22 and 
FIG. 23, there are shown graphs of energy consumed and a 
heart rate of the person A wearing the assistive apparatus 
after making a stepping motion, respectively. In all of FIG. 
21 to FIG. 23, the bar indicated by a solid line shows an 
example where the person A is wearing the assistive appa 
ratus of the second embodiment and further the joint 
moments of the second embodiment are calculated and the 
electric motors 18, 19 are controlled. The bar indicated by a 
dashed line shows a comparative example where the person 
A is wearing the assistive apparatus of the second embodi 
ment and the electric motors 18, 19 do not generate the 
torques. The pace of ascending the stairs is 45 steps per 
minute regarding FIG. 21, and the pace of making the 
stepping motion is 222.5 steps per minute regarding FIG. 22 
and FIG. 23. 

0231. As shown in FIG. 21 and FIG. 22, the energy 
consumed (energy consumed per unit time) of the person A 
in this example is lower than the comparative example. 
Moreover, when the person A makes a stepping motion, the 
heart rate of the person A in this example is lower than the 
comparative example as shown in FIG. 23. From here 
onwards, it will be understood that the load of the empty 
weight of the assistive apparatus on the person A is effec 
tively reduced by the generated torques of the electric 
motors 18, 19 of the assistive apparatus. 

0232 Furthermore, referring to FIG. 24, there is shown a 
graph showing hourly variation of a pull-up force when the 
leg section of the assistive apparatus is pulled up from 
substantially the vertical position to the horizontal position 
and then returned to the vertical position again with an 
elevator arm, which is not shown, being latched on the 
assistive apparatus in the independent state (in the state 
where it is not attached to the person). The solid line in the 
graph indicates an example in which the joint moments are 
calculated and the electric motors 18, 19 are controlled for 
the assistive apparatus according to the second embodiment, 
and the bar in the graph indicated by a dashed line indicates 
a comparative example in which the torque generation in the 
electric motors 18, 19 is not performed for the assistive 
apparatus according to the second embodiment. 

0233. As shown in FIG. 24, the pull-up force in this 
example is remarkably lower than the comparative example. 
From this fact, it is understood that the generated torques in 
the electric motors 18, 19 effectively reduce the load of the 
empty weight of the assistive apparatus on the person. 
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1. A method of controlling generated torques of respective 
torque generation means in the leg body exercise assistive 
apparatus, which includes leg sections attached to both legs 
of a person so as to be movable integrally with the legs, with 
the leg sections each having a foot orthosis portion, which 
is disposed on the bottom side of the foot of each leg so as 
to be landing with the foot put on the foot orthosis portion 
during the landing period, being connected with joint 
regions corresponding to an ankle joint, a knee joint, and a 
hip joint of each leg, respectively, along the leg, and the 
torque generation means capable of generating Support 
torques applied to at least the joint regions corresponding to 
the knee joint and the hip joint of the leg, the method 
comprising: 

a moment estimation step of sequentially estimating per 
Son-side joint moments, which are moments to be 
generated at least in the knee joint and the hip joint of 
each leg, in a situation where the person wearing the leg 
body exercise assistive apparatus is making a motion of 
his or her both legs, on the assumption that the person 
is making almost the same motion as the motion of the 
legs with the leg body exercise assistive apparatus 
removed from the person, and of sequentially estimat 
ing apparatus-side joint moments, which are moments 
to be generated in the joint regions of the leg body 
exercise assistive apparatus corresponding to at least 
the knee joint and the hip joint of each leg, respectively, 
on the assumption that the leg body exercise assistive 
apparatus is independently making almost the same 
motion as the motion of the person’s legs; and 

a torque control step of controlling the torque generation 
means So as to generate a torque, as the Support torque, 
which is obtained by adding a torque determined 
according to an estimated value of the person-side joint 
moment corresponding to the joint region concerned to 
a reference torque, assuming that an estimated value of 
the apparatus-side joint moment of each joint region 
corresponding to each of the knee joint and the hip joint 
of the leg is the reference torque to be generated by the 
torque generation means corresponding to the joint 
region concerned. 

2. A method of controlling generated torques of respective 
torque generation means in the leg body exercise assistive 
apparatus, which includes leg sections attached to both legs 
of a person so as to be movable integrally with the legs, with 
the leg sections each having a foot orthosis portion, which 
is disposed on the bottom side of the foot of each leg so as 
to be landing with the foot put on the foot orthosis portion 
during the landing period, being connected with joint 
regions corresponding to an ankle joint, a knee joint, and a 
hip joint of each leg, respectively, along the leg, and the 
torque generation means capable of generating a Support 
torque applied to the joint regions corresponding to the ankle 
joint, the knee joint, and the hip joint of the leg, respectively, 
the method comprising: 

a moment estimation step of sequentially estimating per 
Son-side joint moments, which are moments to be 
generated in the ankle joint, the knee joint, and the hip 
joint of each leg, in a situation where the person 
wearing the leg body exercise assistive apparatus is 
making a motion of his or her both legs, on the 
assumption that the person is making almost the same 
motion as the motion of the legs with the leg body 
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exercise assistive apparatus removed from the person, 
and of sequentially estimating apparatus-side joint 
moments, which are moments to be generated in the 
joint regions of the leg body exercise assistive appa 
ratus corresponding to the ankle joint, the knee joint, 
and the hip joint of each leg, respectively, on the 
assumption that the leg body exercise assistive appa 
ratus is independently making almost the same motion 
as the motion of the person’s legs; and 

a torque control step of controlling the torque generation 
means So as to generate a torque, as the Support torque, 
which is obtained by adding a torque determined 
according to an estimated value of the person-side joint 
moment corresponding to the joint region concerned to 
a reference torque, assuming that an estimated value of 
the apparatus-side joint moment of each joint region 
corresponding to each of the ankle joint, the knee joint, 
and the hip joint is the reference torque to be generated 
by the torque generation means corresponding to the 
joint region concerned. 

3. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 1, wherein 
the person-side joint moment and the apparatus-side joint 
moment estimated in the moment estimation step are 
moments around an axis Substantially perpendicular to a leg 
plane as a plane passing through the hip joint, the knee joint, 
and the ankle joint of each leg of the person. 

4. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 1, wherein 
the moment estimation step includes: a first step of sequen 
tially grasping an acceleration of a predetermined region of 
the person or the leg body exercise assistive apparatus; a 
second step of sequentially grasping displacements of the 
hip joint, the knee joint, and the ankle joint of each leg of the 
person; a third step of sequentially estimating floor reaction 
forces acting on the person and the application point thereof, 
on the assumption that almost the same motion as the motion 
of both legs of the person is being made with the leg body 
exercise assistive apparatus removed from the person; a 
fourth step of sequentially estimating floor reaction forces 
acting on the leg body exercise assistive apparatus and the 
application point thereof, on the assumption that the leg 
body exercise assistive apparatus is independently making 
almost the same motion as the motion of both legs of the 
person; a fifth step of estimating the person-side joint 
moment by inverse dynamics calculation processing by 
using the acceleration grasped in the first step, the displace 
ments grasped in the second step, the floor reaction forces 
and the application point thereof estimated in the third step, 
and a person-side rigid link model which represents the 
person as a link body formed of a plurality of rigid elements 
and joint elements; and a sixth step of estimating the 
apparatus-side joint moment by inverse dynamics calcula 
tion processing by using the acceleration grasped in the first 
step, the displacements grasped in the second step, the floor 
reaction forces and the application point thereof estimated in 
the fourth step, and an apparatus-side rigid link model which 
represents the leg body exercise assistive apparatus as a link 
body formed of a plurality of rigid elements and joint 
elements. 

5. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 4, wherein: 

the person-side joint moment estimated in the fifth step 
and the apparatus-side joint moment estimated in the 
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sixth step are moments around an axis Substantially 
perpendicular to a leg plane as a plane passing through 
the hip joint, the knee joint, and the ankle joint of each 
leg of the person; and 

the acceleration grasped in the first step, the floor reaction 
forces and the application point thereof estimated in the 
third step, and the floor reaction forces and the appli 
cation point thereof estimated in the fourth step are all 
three-dimensional quantities, 

the displacements of the hip joint, the knee joint, and the 
ankle joint of each leg grasped in the second step each 
include an amount of rotation around an axis Substan 
tially perpendicular to the leg plane of the leg and the 
displacement of the hip joint is a three-dimensional 
quantity, 

the generated torque control method further comprising: 
a seventh step of sequentially grasping an acceleration of 

a predetermined reference point fixed to a person's 
predetermined region as a three-dimensional quantity 
by using at least the acceleration grasped in the first 
step; 

an eighth step of sequentially grasping the positions and 
postures on the leg plane of the elements of each leg 
section of the person-side rigid link model by using at 
least the displacements grasped in the second step and 
the person-side rigid link model; 

a ninth step of grasping the positions and postures on the 
leg plane of the elements of each leg section of the 
apparatus-side rigid link model by using at least the 
displacements grasped in the second step and the 
apparatus-side rigid link model, wherein: 

the fifth step includes estimating the person-side joint 
moment by using a two-dimensional quantity, which is 
obtained by projecting the acceleration of the prede 
termined reference point grasped in the seventh step 
and the floor reaction forces and the application point 
thereof estimated in the third step onto the leg plane 
corresponding to each leg according to the displace 
ment of the hip joint, and the positions and postures 
grasped in the eighth step; and 

the sixth step includes estimating the apparatus-side joint 
moment by using a two-dimensional quantity, which is 
obtained by projecting the acceleration of the prede 
termined reference point grasped in the seventh step 
and the floor reaction forces and the application point 
thereof estimated in the fourth step onto the leg plane 
corresponding to each leg according to the displace 
ment of the hip joint, and the positions and postures 
grasped in the ninth step. 

6. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 4, wherein 
the third step includes estimating the floor reaction forces 
acting on the person and the application point thereof by 
using at least the acceleration grasped in the first step, the 
displacements grasped in the second step, and the person 
side rigid link model and the fourth step includes estimating 
the floor reaction forces acting on the leg body exercise 
assistive apparatus and the application point thereof by using 
at least the acceleration grasped in the first step, the dis 
placements grasped in the second step, and the apparatus 
side rigid link model. 
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7. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 5, wherein 
the third step includes estimating the floor reaction forces 
acting on the person and the application point thereof by 
using at least the acceleration grasped in the first step, the 
displacements grasped in the second step, and the person 
side rigid link model and the fourth step includes estimating 
the floor reaction forces acting on the leg body exercise 
assistive apparatus and the application point thereof by using 
at least the acceleration grasped in the first step, the dis 
placements grasped in the second step, and the apparatus 
side rigid link model. 

8. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 2, wherein 
the person-side joint moment and the apparatus-side joint 
moment estimated in the moment estimation step are 
moments around an axis Substantially perpendicular to a leg 
plane as a plane passing through the hip joint, the knee joint, 
and the ankle joint of each leg of the person. 

9. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 2, wherein 
the moment estimation step includes: a first step of sequen 
tially grasping an acceleration of a predetermined region of 
the person or the leg body exercise assistive apparatus; a 
second step of sequentially grasping displacements of the 
hip joint, the knee joint, and the ankle joint of each leg of the 
person; a third step of sequentially estimating floor reaction 
forces acting on the person and the application point thereof, 
on the assumption that almost the same motion as the motion 
of both legs of the person is being made with the leg body 
exercise assistive apparatus removed from the person; a 
fourth step of sequentially estimating floor reaction forces 
acting on the leg body exercise assistive apparatus and the 
application point thereof, on the assumption that the leg 
body exercise assistive apparatus is independently making 
almost the same motion as the motion of both legs of the 
person; a fifth step of estimating the person-side joint 
moment by inverse dynamics calculation processing by 
using the acceleration grasped in the first step, the displace 
ments grasped in the second step, the floor reaction forces 
and the application point thereof estimated in the third step, 
and a person-side rigid link model which represents the 
person as a link body formed of a plurality of rigid elements 
and joint elements; and a sixth step of estimating the 
apparatus-side joint moment by inverse dynamics calcula 
tion processing by using the acceleration grasped in the first 
step, the displacements grasped in the second step, the floor 
reaction forces and the application point thereof estimated in 
the fourth step, and an apparatus-side rigid link model which 
represents the leg body exercise assistive apparatus as a link 
body formed of a plurality of rigid elements and joint 
elements. 

10. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 9, wherein: 

the person-side joint moment estimated in the fifth step 
and the apparatus-side joint moment estimated in the 
sixth step are moments around an axis Substantially 
perpendicular to a leg plane as a plane passing through 
the hip joint, the knee joint, and the ankle joint of each 
leg of the person; and 

the acceleration grasped in the first step, the floor reaction 
forces and the application point thereof estimated in the 
third step, and the floor reaction forces and the appli 
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cation point thereof estimated in the fourth step are all 
three-dimensional quantities, 

the displacements of the hip joint, the knee joint, and the 
ankle joint of each leg grasped in the second step each 
include an amount of rotation around an axis Substan 
tially perpendicular to the leg plane of the leg and the 
displacement of the hip joint is a three-dimensional 
quantity, 

the generated torque control method further comprising: 

a seventh step of sequentially grasping an acceleration of 
a predetermined reference point fixed to a person's 
predetermined region as a three-dimensional quantity 
by using at least the acceleration grasped in the first 
step; 

an eighth step of sequentially grasping the positions and 
postures on the leg plane of the elements of each leg 
section of the person-side rigid link model by using at 
least the displacements grasped in the second step and 
the person-side rigid link model; 

a ninth step of grasping the positions and postures on the 
leg plane of the elements of each leg section of the 
apparatus-side rigid link model by using at least the 
displacements grasped in the second step and the 
apparatus-side rigid link model, wherein: 

the fifth step includes estimating the person-side joint 
moment by using a two-dimensional quantity, which is 
obtained by projecting the acceleration of the prede 
termined reference point grasped in the seventh step 
and the floor reaction forces and the application point 
thereof estimated in the third step onto the leg plane 
corresponding to each leg according to the displace 
ment of the hip joint, and the positions and postures 
grasped in the eighth step; and 

the sixth step includes estimating the apparatus-side joint 
moment by using a two-dimensional quantity, which is 
obtained by projecting the acceleration of the prede 
termined reference point grasped in the seventh step 
and the floor reaction forces and the application point 
thereof estimated in the fourth step onto the leg plane 
corresponding to each leg according to the displace 
ment of the hip joint, and the positions and postures 
grasped in the ninth step. 

11. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 9, wherein 
the third step includes estimating the floor reaction forces 
acting on the person and the application point thereof by 
using at least the acceleration grasped in the first step, the 
displacements grasped in the second step, and the person 
side rigid link model and the fourth step includes estimating 
the floor reaction forces acting on the leg body exercise 
assistive apparatus and the application point thereof by using 
at least the acceleration grasped in the first step, the dis 
placements grasped in the second step, and the apparatus 
side rigid link model. 

12. The generated torque control method for a leg body 
exercise assistive apparatus according to claim 10, wherein 
the third step includes estimating the floor reaction forces 
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acting on the person and the application point thereof by at least the acceleration grasped in the first step, the dis 
using at least the acceleration grasped in the first step, the placements grasped in the second step, and the apparatus 
displacements grasped in the second step, and the person- side rigid link model. 
side rigid link model and the fourth step includes estimating 
the floor reaction forces acting on the leg body exercise 
assistive apparatus and the application point thereof by using k . . . . 


